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ABSTRACT 

. I  b 
A discussion is given of the properties of the pecul iar  A a n d %  s tam and 

especially t h e i r  anomalous abundances and posi t ions i n  the HR cilagrarn. It is 

knom tha t  the compositions can only he explained i f  it is supposed t h a t  (i) t h e  

hi& abundances of heavy elementc, par t icu lar ly  i n  the rcsR-earth Region and the  

abundances i n  the vicinity of the  iron peak hove been produced in E region in  

which a process of rapid neutron addition has occurmd; it is shown he= t h a t  the 

conditions afi  su i tab le  fo r  t h i s ,  the  key reaction being C 13 (q,n), when the star 

has mached a degenerate C O R  wnfi jyrat ior , .  “his impljes t h a t  cithcr the  

pecul iar  A and B stars are a t  an advanced phase o f  evolution, i . c . ,  they have 

passed thmugh a giant  phase and have retumt.d t o  the v i c in i ty  of the imevolved 

main cequence, or else  t h a t  such a process hac gone on i n  a close binary companion 

and maks has been transferl.ed t o  tho surface of the pecul iar  c t : i r .  Th i s  l a t te r  

poss ib i l i t y  is open t o  observational. t e s t  since, if t h i s  w e r e  t r ue ,  a l l  stars of 

t h i s  type should have close evolveri companions. In  addition t o  an r-process of 

this type, it, i s  a l so  shown ( i i )  t h a t  t o  produce t h e  underabundance of the li&t 

elements, especial ly  helium, and also t o  obtain the high He’:fie 
- 4  r a t i o  seen in  

3 Centauri A a vast amount o f  surface spal la t ion follovccl by G h a l l o w  mixing m u 6 t  

have occurred. The stars have thercfore had a very complicated clvoliitionary 

his tory,  with surface spa l la t ion  and then i n t e r i o r  nticleosyntlieG is folloycd by 

rapid mixing. It appears t h a t  the  properties of degenerate COES and the possi- 

b i l i t y  of rapid heating nnd er?cra  gezer&,i~z &id ~ 1 e s i j e  a i  i’nis pnase a.I.e of 

the utmost importance i n  explaining these stars. 

explaining the observed phenomena cannot be explored i n  more d e t a i l  until evolutionary 

b 

The theory dcr,cri’oed he= f o r  

t racks f o r  stars i n  t h i s  m a s 6  range have been developed in deta i l .  On the  obser- 

vat ional  s ide  some discussion I s  given of  stars which may be a t  d i f fe ren t  parts 

of the  evolutionary t rack  which these stars are traversing. 
f 
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. I  

I 

One conclusion derived fram 

I processes merite special notice. 

- , '  

our considerations of neutron cepture 

We believe that the exce66 phoqhom 

concentration found in H Cnc, and 3 Cen, for example, is  produced in a 

I SI-P-S cycle end we predict an excess concentration of Si3' in such e t a r e .  
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an evolutionaxy o r  genetic relationship,  although the magnetic f i e lds ,  where 

they have been detected, a re  much smaller than i n  the Ap stare. Abt (1961) haa 

discovered tha t  there  is  a very high proportion of spectroscopic b inar ies  among 

the Am stars, a conslderable fraction of these being with short periods. 

observed proportion of b inar ies  I s  h i g h  eno@ fo r  the ten ta t ive  conclusion t o  

be drawn t h a t  all Am stars are close binar ies .  On the  other  hand, In h i s  corn- 

p l l e t ion  of results on magnetic e t a m ,  Babcock (1958, p.  252) has noted that only 

10 out of 69 stars are binariefi - an unusually low proportion. 

which needs more observational work; we return t o  its significance f o r  evolutionsry 

considerations i n  Section VI. 

The 

C - 

This is a question 

Another property of the peculiar A and B stars is  tha t  they may a l l  show 

some s m a l l  v a r i a b i l i t y  In  l i g h t  and color (Abt and Colson 1962) and much larger. 

v a r i a b i l i t y  in  magnetic f i e ld  (Babcock 1958). 

t h e i r  v a r i a b i l i t y  i n  l i g h t  has been attempted as f a r  as we ax-? a w a r e .  The problem 

m u s t  p ~ s w b l y  be related t o  the evolutionary character  of these stars and w i l l  

be discussed b r i e f l y  i n  Section VIII. 

No theore t i ca l  in te rpre ta t ion  of 

Much a t ten t ion  has been paid to the var iab le  magnetic f i e l d s  but no satis- 

factory models have emerged. 

t o  explain how a f i e l d  of many k i l O g G U S S  i n  the atmosphem can reverse i t s  po la r i ty  

in  a regular  fashion i n  a period of a f e w  days. Cowling (1952) showed how 

exceedingly d i f f i c u l t  t h i s  problem 3s and, although non-radial o sc i l l a t ions  have 

heen prepeced, the_= have been no further suggestions as t o  how f i e l d  reversal  

can take place. The a l te rna t ive  explanation fo r  the f i e ld  var ia t ions  is t h a t  

t h e  magnetic f i e l d  observed is  concentrated i n  t w o  large spot Egions ,  one of 

pos i t ive  and one of negative polar i ty ,  which have an axis t h a t  is  inclined t o  

the  axis of rotat ion of the  star ( c f .  Deutsch 1958). 

The most seve2.e problem is  encounteEd when t ry ing  

This oblique ro t a to r  model 

also is unsatisfactory In some respects, and it i e  c l e a r  t h a t  model which I s  
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used. to  explain t h e  magnetic f i e l d  charac te r i s t ics  must take account of the  

evoluLionary h is tory  of these stars. 
. ,  

. 

Our emphasis here is on the composition of the stars. We s h a l l  accept 86 

correct  t ha t  the  stars have atmospheres of anomalous composition. The recent 

c r i t i c a l  sunrey of the  observation material by Sargent (1964) supports t h i s  view, 

and the  abundance analyses which have been carr ied out in t h e  period s ince t h e  

f irst  work on a CVn (Burbidge and Burbidge 1955) have shown the  same e f f e c t  la 

other  stars of t h i s  type, as w e l l  a6 finding anomalies involving other elements. 

2 ? 

I It ha6 been suggested by Babcock (1947; 1963) and Jensen (1962) th& 

se lec t ive  s t r a t i f i c a t i o n  or migration of paramagnetic atoms resu l t ing  from the 

force exerted on the  atomic magnetic moments by t h e  gradient of the  magnetic 

f i e l d  may take place.  

of concentrating elements i n  spot mgions, and it is  then not inconceivable t h a t  

I f  t h i s   we^ an e f f i c i en t  process it might have the  e f f e c t  

f o r  appropriate contributions t o  the spectra  from the  spot; regions, as compamd 

with the Emainde r  of the  photosphere, spurious anomalous overabundances of 

some elements might be found. However, as soon as the quant i ta t ive  aspects of 

t h i s  suegestion are investigated it appears mtenable .  It is  l equ iEd  t h a t  an 

op t i ca l  pumping mechanism due t o  the i r rad ia t ion  b y  polarized l ight  operate6 t o  

a l ign  the magnetic moments t o  give a net paramagnetic moment. The elements which 

are most strongly affected have been l i s t e d  by Babcock (1363) .  While some of 

t h e  elements which show the g E a t e s t  anomalies - C r ,  Mn, Eu - ar.e included, many 

which a l s o  show very large mamalous abundances, pa r t i cu la r ly  the rare earths 

o the r  than Eu (see Section IIj, are not. 

which a= mquired f o r  even a modest concentration o f  some elements - by a fac to r  

Moreover, t h e  magnetic f i e l d  graaienix 
b 

2 of  10 over 10l1 c m  - a* H 10 gauss/km which is lo2 times higher than t h a t  

found i n  6un spotB. It appears t o  us tha t  t h i s  e f f e c t  might be ~ ~ S p O n s i b l e  for 

6ome part of the  va r i a t ion  i n  l i n e  in t ens i t i e s  which are seen in some magnetic 

stars through t h e i r  magnetic cycles - there must be aome small degme of vertical 

t 
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.or horizontal s t h t i f i c a t i o n .  

compositions with which we s h a l l  be concerned i n  the remainder of the paper. 

However, it cannot account f o r  the anomalous ' 

11. OBSERVED ANOMASQUS ABUNDANCES 

Detailed cunte-of-growth analyses have been car r ied  out f o r  twelve 4 stars 

and it is  largely from the  compositions determined i n  these s tud ies  t h a t  our 

theoetical  imreetigation has begun. The stars can be divided into groups 

corresponding t o  the spec t ra l  features which are most prominent. 

c la ture  is used i n  t h e  l i s t  t h a t  follows. The stars are: 

oi! CVn (A@; Si, Cr, rare earths),  HD 133029 ( A Q ;  Si, rare earths), KD 151199 

(A2p; Sr, rare ear ths) ,  HD 34452 (A@; S I ) ,  8 UMa (AOp; raw ea r ths ) ,  8 CrB ' 

(Fop; C r ,  S r ,  ml*e ear ths) ,  y Equ (Fop, Cr, Sr ,  ram ea r ths ) ,  cr Sci (B5p; weak 

This nomen- 

. .  

helium), 3 Cen A (B5p; P), 73 Dra (A2p; Si, C r ,  ram ea r ths ) ,  53 Tau (€39; Mn) 

and w Cnc (38~; Mn). 

A c r i t i c a l  discussion of the r e l i a b i l i t y  of the abundance determinations in  

these stars has been given by Sargent (1364) and we shal l  accept t he  numbers in 

the  majority of ewes as c o r E c t ,  though it should be borne i n  mind t h a t  uncer- 

t a i n t i e s  of the order of 

Logarithmic 

dctermincd am given in  Table 1, which has been taken from Sargent 's  r;rinrey. 
ebundances given by Aller (1961) are taken a6 standerd. 

1 
a= nonnally t o  be expected with analyses of t h l e  kind, 

over-abundance 
r a t io s  fo r  all of the eiements f o r  which they could be 

The 

I n  addition t o  these anaiyses of a l l  observable elements i n  individual stars, 

VP nnv hRVP i,?fcl=ticr! f-- E fey E + , ? z i i e E  3f the Eb\L?d&?ces cf pzrtic-Gar elezicnt:: 

in  mny s t n m ;  a l s o  we have a f e w  cases in  which spec t r a l  l i n e s  attributed t o  

very rani? elements have been ident i f ied;  i n  these,  although abundance6 have not 

been determined, the very p ~ s e n c e  of l ines of these elements means that they 

must be greatly overabundant. 

will be used i n  what follows. 

While th io  la t ter  material l e  very pn?liminazy it 
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, L  

We now consider ' the abundance anomalies as they appear, going systematically 

thmugh the  periodic table for  elements for which information is  available.  

- H These stars appear t o  have normal hydrogen content; ell other  abundance6 

are  determined relative t o  hydrogen. 

He In the msJority of the caeeli in  which conclurrione can be drawn it I s  found 

t h a t  helium is very considerably depleted. 

i n  which the s i l i c o n  abundance anomaly is most pronounced, and In the remarkable 

star 3 Cen A. 

I 

This appl ies  pa r t i cu la r ly  t o  the  stars 

The work of Searle and Sargent (1964) suggests  t h a t  the helium 

abundance is  depleted hy factors  of f r o m  10 - 100 in  the Ap s t a m  of higher 

temperature, where He I l i n e s  could be looked for .  In  3 Cen A the  Educt ion is 

by a f ac to r  of about 10, and 80s of the  helium present is  He 3 The l o w  abundance 

of helium is par t icu lar ly  important when w e  consider possible theories  for  the  . ' 

abundance anomalies. 

t o  the helium abundance. 

L i ,  Be, B 

property t h a t  they a= very eas i ly  destroyed by mixing i n t o  a s t e l l a r  i n t e r io r .  

I n  t h e  ho t t e r  Ap stars only Be can be looked for;  L i  can be looked for  in  the  

cooler  stars. 

Searle ,  and Jugaku 1962) that while some of these stars show no evidence of 

abnormal abundance of  Be, i n  a few ca6e8 t h i s  element is overabundant with mspect 

t o  the  61x1 by factors  of the  order of 100. By measurement of the wavelength of 

the  L l  l i n e  i n  t w o  magnetic stars and siX noma1 stars ,  !+'&1erste(,? E& X e r ~ h ~ n t l .  

(1965) have shown t h a t  the  magnetic stars seem t o  have a higher content of the  

isotope L i  , E l a t i v e  t o  L i  , than the  noma1 stars. L i  and L i  should be pro- 

However, in t h e  cooler Ap stars we have no information as 

These elements a= considemd together since they a l l  have the  

Ln a select ion of the br ighter  Ap stars it ha6 been shown (Sargent, 

, 

6 7 6 7 

duced in  the ratio rt 1:2 by spal la t ion,  but usually the L i  7 abundance is observed 

t o  be the gmater . than implied by th le  ratio. 

- C 
underabundant by fac tors  of 10 - 100. 

In a madority of the  Si stars w16ence f r o m  the  C I1 lines suggest6 that C I s  
4 
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bl , It I s  poas1bleLthat nitrogen is underabundant i n  some Ap stars (Sargent, 

Searle, and Jugaku 1962). 

0 

- 
~' 

Studies by Sargent and Searle (1962) show that oxygen is underabundant through- - 
l out the whole range of Ap stars except i n  the Mn stars. The abundance of t h i s  

element l e  estlmated t o  be reduced by LO - 100 throughout all other  clssess of 

these stars. 

* - Mg Magnesium does not show large abundance anomalies. Sargent and Searle have 

reported tha t  abundance variations by a factor of N 2 In e i t h e r  direct ion about 

I the  so la r  abundance are  probably pmsent.  

Si I n  the hot te r  stars, the S i  stars, t h i s  element is found t o  be overabundant - 
by a rather  large fac tor  of about 100. 

not 60 large overabundances, but the Mn stars show a normal abundance o f  Si. 

P "his element is known t o  be overabundant i n  3 Cen A and K Cnc by s factor  of 

The Si-Eu-Cr stars also show similar but 

. .  

- 
I about 100. In other stars we have no infomation about t h i s  element. 

Ca In  a few cases t h i s  element ie found t o  be underabundant by factors  of 10 - - 
100. I3 many cases, however, it I s  normal. 

Fe Peak Elements 

which show anomalies among the iron peak group are C r ,  Fe, and Mn. In the h o t t e r  

stars of t h e  group, the S I  stars and the Mn stars, C r  is e i t h e r  normal, or can be 

From all of the infomation available at present the elements 

6lIehtly over or underabundant ( In  the Mn titars). However, i n  the other groups 

1% i s  always overabundant by about 1 order of nagnltude. 

in the Si stars but it is overabundant in a l l  of the other stars, by factors  -1100 

Mn I s  appamntly normal . 
. i n  the  Mn stars and ram-earth stars and by factors - 10 in the  other cases. Fe 

shows a much smaller anomalous ef fec t .  Sargent has argued t h a t  It has normal 

abundance i n  a l l  of these stars, but we have concluded tha t  it is probably over- 

abundant in mmy cases, though only by factors of 2 or 3. 

- G a  L ines  of t h i s  element wen? identified In two stars, 3 Cen A and 53 Tau 

(Bidelman 1Wa; 1961; 1962a). This element has then been found t o  be mer- 
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abundant by a fac to r  of 6000 i n  3 Cen A, and by 250 i n  5 3  Tau. 

Kr This element has been found in  3 Cen A (Bidelman 1961, 1962a). 

abundant by a fac tor  of about 1OOO. 

Sr, Y, Z r  These elements are found t o  be overabundant aver the wbole range of 

Ap stars with overabundance factore In general of between 10 and 100. 

- Xe This element has been ident i f ied  i n  n Cnc by Bidelmen (1961, 1962b). While 

no abundance analysis has been carr ied out it I s  c lea r  t h a t  its detection mesne 

t h a t  it is overabundant by a large factor  - 30 - 300. 
Ba This element is found only t o  have noma1 abundance i n  the majority of Ap 

stars i n  which it has been studied. 

ram-earth stars) it is found t o  be overabundant by factors  of 5 t o  10. 

La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho 

of overabundance of any group of elements in the  Ap stars. In the f ive stars 

It is mer- - 

I 
I 

s 

- 
In two cases(B CrB and y Equ, vhich a= 

I 

. .  
These rare earth6 show the grea tes t  degree 

in which they have been investigated i n  detail ,  the average averabundance fac tors  

a= about 500. Sargent has given reason6 fo r  believing t h a t  these fac tors  have 

i n  some cases been under estimated. The investigations la rge ly  s t e m  from the  - 
2 first study of cy CVn by Burbidge and Burbidge (1955). We have recently re- 

investigated t h e  va l id i ty  of the ident i f icat ions of some of the l i n e s  t h a t  were 

Used i n  t h a t  study, and now believe t h a t  blending is ser ious for many of the  

La  l i n e s  used and hence the evidence f o r  the large overabundance of L a  is weak. 

We therefore  s h a l l  suppose i n  what follow6 t h a t  t h i s  element is more nearly 

of normal abundance than the other rare ear ths .  I n  addition t o  the  stars 

studied i n  de t a i l ,  HD 101065, lnvestigated so far only i n  a qua l i ta t ive  and pre- 

liminary fashion by Przybylskl ( l%3) ,  shows very prominent l l n e s  of Ho and Dy 

a6 well as other  rare  ear ths .  

nothing but H, Ca (which appeara def ic ient) ,  and the rare ear the.  

Pnybylsk l ,  the pmsence of C a  i e  baked only on the  K l ine;  t he  H line l e  masked 

This i e  a remarkable star, whose spectnrm shows 

According t o  
> 
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by a strong Dy l ine!  Th i s  star I s  probably Cooler than most Ap stars; it I 6  

obvious t h a t  it has an anomalous composition very r ich  in  rare ear ths ,  but an 

analysis has not yet  been made. 

Hg 

being due t o  Hg. 

abundant relative t o  the 6Un by factors  N b000 i f  no blendlng is present. 

Bidelmaa has ident i f ied what he believes t o  be t h i s  l i n e  In other  Ap stars of 

the Mn group, but the measured wavelengths vary s l igh t ly  and he has pointed out 

Recently Bidelman (1962b) has tentat ively ident i f ied one line i n  w Cnc 88 - 
I f  t h i s  is the case, then Sargent has shown t h a t  it is mer- 

t ha t  t h i s  might mean t ha t  dlffe-nt isotopes of Hg are dominant i n  diffeni?nt*stars ,  

As has been pointed out by Sargent, t h i s  may also be due t o  blending. 

Pb The problem of determking the abundance6 of the very heavy element8 I s  ' 

first tha t  of making good identifications and then taking account of the 6 @ r I O W  

problems of l i ne  blending. 

spectrum of CY CVn. 

sun by a factor  of about 1500. 

the  element has been ident i f ied.  

- . .  

Surbidge and Burbidge (1955) ident i f ied Pb in We 

It was then found t o  be overabundant with respect t o  the  2 

This is the  only star in the  Ap gmup i n  which 

This concludes our summary of the types of abundance anomalies which at'e 

present i n  the Ap stars. 

t h e  same anomalies are not found throughout. 

between the stars are real, but i n  many cases the spectroscopic method does not 

allow us t o  t e l l  whether anomalous abundance6 i n  one gmup are present in others 

( f o r  example, how overabundant a= the  ra- earths i n  the ho t t e r  Ap s t a r s? ) .  In 

Figure 1 we have plot ted the relevant par t  of the zero-age main sequence (Sandage 

1957), t he  Pleiades main sequence (Johnson and Morgan 1953; Sandage 1957), which 

is somewfiat evolved, and the Ap and Am sequence as defined by Eggen (1959). 

Eggen consldemd the s t ra ight  line t o  repmsent the Ap star6 only for B-V > 0, 

and found tha t  t h e  Ap sequence t m e ' d  up, roughly para l l e l  t o  the evolved main 

sequence, for B-V c 0 ,  

The stars cover a range in effect ive temperatule, and 

I n  some cases the differences 

We have plotted large open circles t o  m p ~ a e n t  the mean 
C 
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values fo r  the various types of Ap star given by Jaschek and Jaschek (198, 1962). 

The S i  point fur ther  t o  the l e f t  repEsents  t he  S i  -bX)O stars (since the  Xkoo 

feature is shply  due t o  Si I1 at high-excitation, t h i s  m e ~ ~ l y  means these stare 

a= ho t t e r  than the S i  stars). 

, 

We have extended Eggen's sequence as a straight 

line to B-V = -0.1, and have indicated on th ie  aequence the apane in B-V occupied 

by the various types of Ap stars and the  Am stars, as given by t he  gmupinge of 

the  Jmcheks. The overlap between the Si and Mn gmups gives a clear-cut Indi- 

cation of a real diffen?nce in the Mn/Si abundance r a t i o  among d i f f e ren t  Ap stare. 

Ue re turn t o  a discussion of Figure 1 i n  Section 111. 

Finally, the  abundance6 in the metall ic-l ine stam and i n  another, perhaps 

Elated,  group of stars should be mentioned. The abundance determinations i n  

the  f e w  metal l ic- l ine stars so far analyzed in  detail have been b r i e f l y  reviewed 

by Sargent (1964). 

t h a t  (i) Ca, deficient  in some of the Ap s t a re ,  tends t o  appear underabundant also 

i n  t he  Am stars; (11) Ni and 231 appear t o  be overabundant i n  the Am stars while 

the  element Ca, Jus t  past  these In t h e  periodic table, is overabundant Ap 

stw; ( i i i )  the heavy elements Ba,  La, Ce, Sm an? overabundant in one Am star, 

It is known t h a t  t he  atmospheres of Am s t a r s  are s t ruc tu ra l ly  pecul iar ,  with la rge  

turbulent  ve loc i t i e s  and l o w  e f f ec t ive  gravity,  and there  is s t i l l  considerable 

controversy about whether these apparent abundance anomalies are real. 

case, they are much l e s s  pronounced than the snomalies in t he  Ap stare. aa'bcock 

(1958) found that; 6 out of 26 Am stars had smaii magnetic f i e i b ,  letxi t h ~ ,  5% 

The s imi la r i ty  between the  Am and Ap stars l ies  i n  the  fact 

In any 

gauss. 

Recently, Sargent (1965) has discussed a gmup of stars - t he  h Boo stars - 
which have long been known t o  be anomalous i n  having at  the  same t i m e  spec t ra l  

types A ~ and metal deficiencies similar t o  those in t h e  old population I1 

stars. 

60 do not  appear t o  belong t o  an old e t e l l a r  population. 

The R Boo stars also have small space velocitlee, a8 far a6 I s  known, and 

As will be seen in the 
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following sections, on our pmsent viewpoint for  the theory of the  abundance 

anomalies in Ap stars, we predict  t ha t  there should be seen a class of stars 
5 

similar t o  main-sequence A-type  stare but having a low abundance of a l l  elements 

re la t ive  t o  hydrogen. 

Initiated by flare activity,  would have occurmd, wiping the elate clean, 80 t o  

speak, p r io r  t o  the  contamination of the  surface by the products of nuclear m- 

actions in the interior. It is an intenst ing poss ib i l i ty ,  t o  which we return 

in the  concluding Section VIII,that the A Boo stars are, in fac t ,  these objects. 

These would then be stars i n  which violent  spal la t ion,  

I 

In the following sections we shall be considering the abundance anomalies 

in de ta i l .  

"nomal" abundance curve taken fmm the  data compiled by Aller (1961), normelized 

to 10l2 atoms of hydrogen. 

abundance6 in  t h e  Ap stars, normalized also t o  lo1* atoms of hydrogen, taking 

As an i l l u s t r a t ion  of these,  we have plot ted i n  Figure 2 a schematic 

We have also marked an the  curve the anomalous 

average values for the over- o r  underabundance factors  from the  mvieu by Sargent 

(1964). 

meant t o  indicate a combination of the range of the anomsly and uncertainty i n  

The lengths of the l i nes  plotted f o r  the various anomalous elements are 

the determinations, but we emphasize tha t  t h i s  plot  is only schematic and should 

not be taken l i t e r a l l y .  

3 - 33, is pmbably normal in  some Ap stars. 

For example, Ca, plot ted as underabundant by a factor - 

L 
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( B u r b i d g e ,  Burbidge, Fbwler, and Hoyle 1957) t h a t  two d i f f e E n t  types of evidence 

for nucleosynthesis are pI.esent i n  stars: 

(1) evidence tha t  nucleosynthes~e has taken place i n  d i f fe ren t  degrees i n  the 

material out of which the stare condeneed. The d i f f eRn t  abundances of the  

Iron peak elements in stare of Old and young populations pruvlde the best  

evidence of this kind. 



r 
I 

(2) evidence t h a t  element Synthesis has  gone on within individual stare s ince 

they were fozmed. The bes t  evidence f o r  t h i s  type of process is given by 

the  campositions of the Be I1 stars, the S stars, and the carbon stars, 

which show large overabundance6 of elements with isotopes which were 

eynthes+zed through the  e-process and the  product8 of the He-burning. 

1 .  It is obvious t h a t  a process of type (2) m u s t  be responsible for t he  conposititme 

seen i n  the  Ap stare, since, i f  (1) applied, other  stars i n  ga l ac t i c  c lus te ra  

containing Ap stars would have the 6me abnormal compositions. 

I I n  earlier theo=t ica l  work on the nuclear physics of t he  production of 

anomalous abundance8 i n  magnetic stars (Burbidge and Burbidge 1955; Fowler, 

Burbidge, and Burbidge 1955; Burbidge, Burbidge, and Fowler 1958), we assumed 

t h a t  the Ap stars are  somewhat evolved main-sequence stars lying i n  the region of  

the turnoff  from the  m a i n  sequence, wi th  masses i n  the range 2 - 3 Ma. 

developed a theory for the production of anomalous abundances i n  a t h i n  atmospheric 

We then 

layer  by surface nuclear reections,  the  energy f o r  which came from the star's 

magnetic f ie ld .  Me postulated t h a t  l a r g e  fluxes of protons were accelerated i n  

spot mgions in the  surface and gave r i s e  both t o  spa l la t ion  In t h e  highest  levels 

and t o  a neutron flux through (p,n) reactions lower i n  the  atmosphere, and t h a t  

these neutrons we= captuRd t o  produce the overabundances of the heavy elements. 

During t h i s  period, it was several  times suggested t o  us by Bidelman t h a t  

the  Ap stars might, i n  fac t ,  be a t  a much l a t e r  evolutionary stage,  subsequent 

t o  a red giant  phase (see,  e.g., Bidelman l m b ) .  

1 

We maintained t h a t  the  posi t ion 

of the  AT, stars i n  the  color-magnitude diagram and the differences in heavy- 

element anomalies between the  S-type E d  giant  stars and the Ap stars (Be over- 

abundant i n  the former, Eu and Gd i n  the  l a t t e r )  were strong arguments against  

t h i e  pose ib i l i ty .  

The recent observational work on overabundance6 of Ga, K r ,  and Xe, and the  



enomom strength of Qy and Ho i n  HD 101065 (Przbylski 1963) while all other 

elements normally strong are  vanishingly weak, have led  us t o  reconsider the 

nuclear physics of the problem. BefoE we diecuss t h i s ,  we s h a l l  f i r s t  con- 
I 
I 

I sider the posi t ion of the  4 stars i n  the color-magnitude diagrem and the  bearing 

of t h i s  on t h e i r  poselble evolutlonery stage. 

There have been many papers discussing the locat ion of the Ap stars In 

t h e  color-magnitude diagram, and t h e i r  magnitudes m d  color6 86 compamd with 

those of s t a r s  of the  same spec t r a l  type (see, e.g., Meadows 1962 and Irtferpncee 

given themin) .  The Ap stars are population I objects,  and it has long been 

I known t h a t  when they a= found i n  ga lac t ic  c lus t e r s  o r  moving groups, they tend 

t o  be the  b r igh te s t  members, lying i n  the region where the  c l u s t e r  main sequence 

I depart8 a mamitude o r  80 f m m  the zero-age main sequence. 

so; two Ap stars i n  M 39 lie t o  the r igh t  of the  M 39 main sequence but some 

This is not always.. 

way below the  top  of it, and of the  Ap stars i n  the Coma Bemnices c lus t e r ,  

t h ree  l i e  close t o  the l i n e  defined by Eggen but one l i e s  well t o  the  left of 

t h i s  (Meadow6 1962). Jaschek and Jaschek (1958, 1962) have shown tha t ,  accordbg 

t o  present evidence, t he  Ap stars a m  found In  only those c lus t e r s  whose main- 

sequence turnoff  point is in the  range of spec t ra l  type from mid-A t o  late B, 

i.e., in  a narrow range of age, and, further, t ha t  the  c l a s s  of spec t ra l  

pecu l i a r i t y  depends upon the age, so tha t  the  Si anomaly occurs in the youngest 

and hence most massive Ap stars and the Sr anomaly, at the  o ther  end of the  

sequence in Fig. 1, in the  oldest  s t a r s  of this  type. !!severj as mentioned In 

Section 11, the  &rowing of stars qual i ta t ive ly  according t o  the  obvious anomalies 

may i n  some cases represent only temperature differences and the  same abundance 

anomalies ere often present in more than one group, 

We s h a l l  develop i n  the  subsequent sections the theory t h e t  the  4 stare 

are indeed at a late evolutionary stege, having started 88 main-aequence A or  B 



s t a r s  i n  the mbs rehge 2 

phase, and t h a t  they have 

- 3 Mw t h a t  they have evolved through s red giant 

returned t o  the genersl neighborhood of t h e  mafn 
, 

sequence following massive structural change and mixing according t o  the  scheme 

described in Section VI. 

It becomes very impartant, the=fon,  t o  know the position of t he  Ap stam 

i n  the log  L - log Teff plane, 

indicated by their spectral types has been noted by many workers. 

That these stars hare higher temperatws than 

Because of 

the large overabundance6 of the  rare earths and the richness in lines of the  

ram ea r th  spectra, the Ap stars w i l l  suffer a grea te r  blanketing e f f e c t  than 

stars of nolael  composition i n  the  same tempexaturn range. The fact  t h a t ,  i n  

St&mn'6 wby photometry, the  Ap and Am stars can be picked out readily by' 

t h e i r  high "1 indices ( S t h r e n  1963, Cemeron 1964) shows t h a t  blanketing ha6 

an important e f f ec t .  The blankethe; e f f ec t ,  being g m a t e r  in the  blue than in 

# 

.. 

the visual spec t r a l  regions, always s h i f t s  s t a r a ' t o  the  r igh t  i n  the color- 

magnitude diagram with Rspec t  t o  t h e  1ine-fl.ee theo re t i ca l  posi t ion.  

elements i n  the iron peak aleo are i n  general overabundant, they will a l so  cause 

increased blanketing. 

observed main sequence; the point giving t he  Jascheks' mean value for the h o t t e s t  

Si stam l ies  Just t o  the left of the  observed main sequence. 

correctlone w i l l  be la rges t  fo r  the coolest stars, 80 t h a t  the  tendency w i l l  be 

t o  change the slope of t h e  4 sequence. 

Since 

The Ap sequence i n  Fig. 1 is inclined a t  an angle t o  the  

Blanketing 

Since we am arguing tha t  the Ap e ta r s  ani s c i d b -  iii s prst-rs2-gimt 

stage,  and am the  analogue among population I stars In t h i s  mass range of the 

population I1 horizontal  branch s t a r s ,  it w i l l  be important t o  know whether 

these stars with B-V > 0 will be moved, when b lanke thg  corrections are applied, 

t o  the left of the main sequence. 

incmase In  blanketing in the  Am stars in the Hyadee, due t o  t h e i r  spectral 

p e c u l i a r i t i e s ,  over the  blanketing appropriate t o  t h a t  in the normal Hyades stars 

Baschek and Oke (1965) have determined t h e  



of the same temperature, and have found t h a t  they move t o  the  l e f t  of t h e  

Hyades main sequence. 

Ap stars, t h i s  i s  noteworthy. They a l s o  measured two magnetic stars. Sargent 

has pointed out t o  us t h a t  one of these, B CrB, may belong t o  the Hyades movlng 

group, according t o  Eggen, and, if 6 0 ,  it l ies at the top  and s l igh t ly  t o  the  

l e f t  of the Hyades evolved main sequence when i ts  value of B-V is corrected by 

Baschek and Oke f o r  the diffemnce in l i ne  b l a n k e t b g  between it and normal stars. 

The posit ion of t he  AOp star 17 Corn A i n  the color-magnitude diagram of Weaver 

(1952) l ies already, with no blanketing corrections,  t o  the l e f t  of the evolved 

main sequence, while the other  Ap stars i n  Coma 

The= is evidently considerable s c a t t e r  i n  the posit ions of  the Ap stars. 

In  view of the possible connection between the Am and , 

l i e  near Eggen's sequence. 

In the following sections w e  discuss the evolution of stars of 2 - 3 solar' 

masses and the nuclear physics of processes which could produce the abundance 

anomalies i n  the  Ap stars. We find it necessary f o r  the stars t o  have had a 

very complicated evolutionary h is tory  so tha t :  

(a) a vaGt amount of nuclear ac t iv i ty  has occurRd t o  subject the o r ig ina l  

material  t o  spa l la t ion  on a large scale ,  and 

nuclear processes normally assoc i ~ t e r i  with ra ther  advanced evolutionary 

phases have taken place i n  the in t e r io r  and neutrons have been added at  

r a t e s  ranging up t o  a modified r-process. 

The Easons  f o r  arguing t h a t  (a) has occurred stem from t he  abundances of 

(b) 

the  Xijht e l e - , z ~ t c  ~fr".:! p , r t j c d . e r ~ v  hcli irm, 

hydrogen content i s  normal. I n  stars i n  which a low helium abundance is seen 

we might mppose e i t h e r  t h a t  the material out of which the star condensed con- 

ta ined only the  presently observed amounts of  helium, o r  t h a t  the star is highly 

evolved so  tha t  the bulk of the helium and perhaps the  C and 0 a l so  have been 

burned. The argument against  the  f i r s t  suggestion is  that the He/H r a t i o  is 

found i n  a l l  nonnal e t a r s  wheE it can be determined t o  be approximately the  

These a m  deficient :  though the  

- 16 - 



SWf?’, -0 .1  ana not b O . 0 1  o r  0.002 as I s  found i n  these stars, and o ther  stars 

presumably of the  same genetic origin,  e.g., the  Sco-Cen stars i n  the  case of 

3 Cen, have t h i s  normal abundance of He. 

geF;tion is t h a t  a highly evolved star will have burned i ts  hydrogen also,  and 

these stars are quite  d i s t i n c t  f r o m  hydrogen-poor stars, such as u Sgr, which 

The argument against  the  second sug- 

have evolved i n  t h i s  way. 

whole of  the  aurface material seen now hae been broken down and t h a t  at  a l a t e r  

The only possible emlanat ion  seems t o  be t h a t  the  
b 

stage heavy elements which have been b u i l t  i n  the i n t e r i o r  have mixed t o  the  sur- 

f ace. 

To develop a complete theory we should proceed f i r s t  by working out the 

astrophysical evolution of the stars, i . e . ,  the  var ia t ions i n  temperatue,  

density and geometricaJ d is t r ibu t ion .  This information, combined with the 

nuclear data,  would solve the problem as f a r  as the  in te rna l  nucleosynthesis i s  

concerned, but detai led s t e l l a r  evolutionary computations have not been made for 

the  post-red-giant stage.  As far as the surface nuclear reactions are concerned 

the astrophysical. conditions s t i l l  remain unclear, since the= is as ye t  no 

Proper understanding of the mechanism by which very large fluxes of p a r t i c l e s  

can be accelerated and we have not been able t o  make progress i n  t h i s  aspect In 

t h e  pI.esent investigation. 

Thus our emphasis throughout the pmsent paper w i l l  be on the nuclear 

. physics. We s h a l l  discuss first the  nuclear processes which are requimd t o  

n_crl?~mt. f ~ r  the anomalies i n  the heavy element regions and i n  the region of S i  

and the i ron peak. We s h a l l  then t u r n  t o  the  astmphysical  conditions which are 

mquired i f  t h i s  mechanism is  t o  work. Ue s h a l l  next discuss the requil~rnents 

f o r  the surface spa l la t ion  processes and then return again t o  the  less cer ta in  

- 17 - 
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IY. MTCLEAR CONSIDERATIONS: THE r-PROCESS 

In the following discussion we s h a l l  quote nuclear reaction rates from 

the papers of Caughlan and Fowler (1962, 1964) and Fowler and Hoyle (1964). 

begin with the following inferences: 

(i) 

We 

The large abundance exceeses of the  rare earths demand a process of neutmn 

addit ion. 

( i i )  The process cannot be e n t i r e l y  slow; otherwise Ba would be i n  exces6, 

which it i s  not,e.nd Eu, Cd, Dy, Ho would not be overabundant. 

immediately t o  the further important infelence t h a t  short  time sca les  must be 

involved, and th i s  suggests a connection w i t h  the  'flash' of so= nuclear fuel,  

the  simplest poss ib i l i t y  being the helium flash. Two ser ious questions immediately 

a r i s e .  The Ap stars l i e  close t o  the main-sequence. How is t h i s  possible if 

evolution has become suf f ic ien t ly  advanced for the  helium t o  be f i E d ?  What is  

the  neutron source? 

nuclear urgency, we s h a l l  concentrate i n  t h i s  section on the second question and 

on i ts  implications, returning t o  astrophysical problems in the  next part of the 

paper. However, ye s h a l l  make use of a new astrophysical concept a t  the p E s e n t  

stage: t h a t  there may be several  flashes, not Just  One. We s h a l l  a l so  take 

account of a d i f fe ren t  view of the manner i n  which t h e  f lash  occurs i n  a degenerate 

core. In the  past  it has been t a c i t l y  assumed t h a t  the  f lash  begins a t  the  center.  

Our view is t h a t  the  f i r s t  f i r i n g  may occur on the outside,  and t h a t  the core can 

simply pee l  away at  its surface - In tne  sense of cnanging f m m  degeneracy t o  

non-degeneracy. We th ink it probable that  convective motions accompany the  

t r a n s i t i o n  from degeneracy t o  non-degeneracy, and t h a t  mixing, a t  any rate on a 

l imi ted  sca le ,  of d i f fe ren t  samples o f  material can occur. 

This leads 

. .  

Following our pol i ty  of dealing first with problems of 

The poss ib i l i t y  exists t h a t  CI2, produced i n  the flash i tsel f ,  becomes mixed 

With C'(p,y) d3(@') C13 occurring, a neutmn with a l imi ted  supply of protons. 



6ource becomes established. h e r e  16 no necessi ty  f o r  f?3(~,n) t o  occur at t h i s  

stage, however, Since we are contemplating a series of temperf%tuI.e osc i l la t ion6  

the C 1 3  may well be burned i n  a subsequent higher temperature phase. 

the  bui lding of the  neutron source f r o m  its ac tua l  burning w e  acquire an e x t r a  

degee of freedom In the problem. 

By separating 

In order t o  bui ld  heavy elements by neutron addition it is e s s e n t i a l  t h a t  

the number of 'seed nuclei '  be much less than the number of neutrons - i n  fact we 

require of the  order of 10 neutrons per peed nucleus. Since the  number of 

neutrons cannot exceed the  number of light nuclei ,  C, 0, N, e t c . ,  it is  c l e a r  

t h a t  t he  l a t t e r  m u s t  have very small neutron capture cross-sections.  This a l l O W 8  

the iron group elements t o  "take over as t h e  m a i n  seed nuclei .  

o f t h e  l i g h t  nuclei  have small c a p t u x  cross-sections. 

l ight nuc le i  which do not have small captul.e cross-sections t o  be largely absent, 

o r  t o  become converted into nucle i  tha t  do have very small cross sect ions.  

2 

However, not a l l  

Hence we r e q u i z  those 

# 16 
So long as the temperature is  not too high (Ta < - 4), 0 is  a 'safe' nucleus 

14 
\ 

from the  present point of view, as are GI2, C13 and C 

is d , because of d4 (n,p) C 1 4  with its very large cross-section. Provided 
- 4  C 1 3  i s  i n  excess concentration above I8 , and pravided the  proton released i n  

the  (n,p) rcaction does not i tsel f  generate some fur ther  'dangerous' nucleus, 

neutron addition t o  appropriate heavy seed nuclei  occurs. 

. The 'dangerous' nucleus 
4 

A t  high temperat~m!~ 

the  lat ter condition is d i f f i c u l t  t o  meet - fo r  example, one could have 

regenerating d4. By keeping the t e m p e r a t u r e  down such a sequence is  avoided; as 

already noted 0 16 (n,y) 0 17 is slow f o r  TB C N 4, while f o r  T8 < - 2 the N 1 3  

decays t o  C 1 3  instead of undergoing an ( a l p )  reaction. Now for  d3 (a,p) 0 16 , 
2 15 55 log 7 (d3) = -16.6 - log px + - b g  T + 

a a 3  9 * v 7 3 *  

- 19 - 



Under ' f l ash  conditions' we expect px y 10 5 gm and for t h i s  
(Y 

helium density T @ ( $ ~ )  10 3 sec at T 5 0.22. It seem6 9 
neutron addition t o  heavy seed nuclei  the bes t  conditions a=: 

p a r t i c u l a r  

then that for 

(1) 

l i t t l e  d4; 
t h a t  proton addition to C12 should produce as much C 1 3  as possible and aa 

(2) neutron addition should take place before the temperature rises above 

T8 - 3.  

We comment i n  t u rn  on these 

It is inevitable t h a t ,  

than C I 3  w i l l  be produced. 

requirements. 

if CU i s  mixed with an  excess of protons, more 814 

The C13:184 increases as p:C12 decreases, and in  

fact  the former r s t i o  -. ~0 as the la t ter  -4 0. But when p:CLz is  small the ratio 
(1962 

1 C l 3 : C U  p:C12 is also s m a l l .  A consideration of  t h i s  problem by Caughhn and Fowler 

and Caughlan (1965) has shown t h a t ,  provided t h e  time sca le  f o r  proton addition 

is long compal.ed t o  T (d3), the  r a t i o  C 13*C12 . cannot exceed about 0.1 i f  C 13.$4 . 8 
In the  present case, however, w e  can readi ly  contemplate 8 is t o  exceed unity.  

short t i m e  scale, < ~ ~ ( d ~ ) ,  since w e  are dealing with a f l a sh  s i tua t ion .  The 

rate of d 3 ( p , y )  014 is  then slower than Ci2(p,y) d3, because of the  higher 

Coulomb barrier of the d3 nucleus. A considerably huproved value of c13:C12 is 

theRby  obtained, sihce d3  does eventually decay t o  C l 3 #  but i n  t h i s  case after 

t he  process of proton addition is  completed. 

In a f lash  s i tua t ion  we expect the  t i m e  scale  of proton addi t ion t o  be of 

the n-d-er nf the -m_di?~a nf +.he degenerate core, -10 9 cm; divided by the  speed 

of the  dynunic motions generated by the  energy mleased i n  the  flesh. The l a t te r  

could become comparable w i t h  t he  speed of eound i n  the  material ,  - 10 0 cm seeo1, 

I s  shor t e r  than 7@(d3) 

2 so t h a t  time scales as short  as 10 t o  10 sec can cer ta in ly  be contemplated. This 

10 3 see. 

Although the= is nothing imposeible in the conditions we ~ I X  postulating 



. 

it is t r u e  t h a t  the conditions a- special  ones. 

to be anything objectionable i n  t h i s ,  because we an? looking f o r  a highly spec ia l  

nuclear s i tua t ion .  Only a modest f ract ion of the material of  a star need experi- 

ence a conversion of i t s  iron group elements t o  the rare  earth8 i n  order t h a t  

There does not appear t o  us 

the abundances of the l a t t e r  be increased by factors  of - 10 3 . We are thelefore  

seeking a r e s t r i c t ed  6 U b - C l a S s  of a l l  the conditions t h a t  occur i n  a highly corn- 

plex 6i tuat lon.  & are untroubled for instance by t h e  requimnent t h a t  the 

protons s h a l l  not be mixed in  excess with C‘. 

w i l l  be var iable ,  t h a t  p:C’ may be quite d i f f e m n t  i n  d i f f e ren t  samples of  

Our point of view is  t h a t  h x t u r e s  

material - o r  indeed in  d i f fe ren t  ‘flashes - and t h a t  our interest l i es  in cases 

where t h i s  r a t i o  happens to ’be  not too large. 
. .  

Two problem a r i se  concerning condition (2). F i r s t ,  can we be s u m  t h a t  

13 C (cu,n) occur6 fast enough f o r  am r-process i f  the temperat- is not pexmitted 

to rise above Ts =+ 37 The answer is pla in ly  affirmative since T (d3) - lo3 sec 

a t  T8 2 2, and 7 (c13) m u s t  ce r ta in ly  be less than 

barrier f o r  C13 i s  lower than for d3. 

CY 

because the  Coulomb 
o! 

In fac t  

13 2 14.0 
l og  T ~ ( C  ) = 15.7 - log px + - log T 

a ’  3 

80 t h a t  

b .  1 3  C (cr,n) is only - 1 sec at  T8 2 3. 

On such a short time scale  it is unlikely t h a t  the energy Eleased by 

(ff,n) CM be transported away, the  energy zw~~ains i n  s i t u  and raises the  

How much C13 can be burned before the  temperature rises above 

1 3  C 

temperaturn. 

3.10 K? 8 The answer t o  t h i s  question sets 8 limit t o  the number of neutrons that 

- 21 - 



CUI be used in  the building, of the  rare earths,  since t h e  

in to  operation if the temperature rises higher than t h i s .  With the  temperature 

r i s ing  as the f lash proceeds the  r-process must be confined t o  t h e  stages at 

d i f f i c u l t y  come6 

which the t e m p e r a t u r e  is less than T8 - 3. 

It is eas i ly  shown tha t ,  when C 1 3  l e  present,  f lash  conditions an? tr iggered 

by t he  C13, ra ther  than by 3a -. C12. For the  l a t t e r  reaction we have that' 

whereas (4)  gives T ( H e )  1015 see. In addition t o  the energy Eleased by 

CI3(a,n)O 

neutron =leased in  t h i s  mact ion  yields  N 8 MeV. 

gives a net  enerey y ie ld  of - 10 MeV. 

- 3 zvquizts every p a r t i c l e  t o  increase i ts  k ine t ic  energy by N 25 kev. Most 

3cu 
16 , + 2.214 Mev, we must Remember t h a t  the  subsequent capture of the  

Evidently, each C l 3  nucleus 

To ra i se  the temperat- from T8 - 1 t o  
. .  

p a r t i c l e s  i n  the thermal assembly are electrons and the= is an e1ectron:nucleon 

r a t i o  of about 0.5. The nucleons an? of course almost e n t i m l y  bound in 6uch 

nuclei  as He4, C', Cl3, ----, the heavy pa r t i c l e s  contributing l i t t l e  t o  the  

thermal energy. 

t e m p e r a t u r e  by the above amount. 

per nucleon. Hence we expect about 1 neutron p e r  10 nucleons t o  be produced 

by C13  burning b e f o E  the temperatuE rises too high f o r  the  operation of an 

r-process. We proceed next t o  investigate the  consequences of t h i s  important 

It follows t h a t  some 1 5  kev pe r  nucleon i s  requimd t o  lift t he  

One C13 reaction per 700 nucleons gives - 15 kev 

3 

conclusion. 

6 Recalling t h a t  In the'abundance scale with Si = 10 the  t o t a l  number of 

nucleons - 6 x l0lo, a neutron production of 1 per 10 3 nucleons corzvsponds t o  

7 - 6 x 10 neutrons, o r  60 neutrons per Si. Since the s i l i c o n  abundance is about 

2 twice t ha t  of the iron gmup we have - 10 

correct  for  building t o  atomic Weight6 of 150 to 160. 

neutrons per iron gmug nucleus, 

% actually need 100 - 
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250 neutrone per iron group nucleue, in order t o  build I&, Eo, Hg, Pb. 

neutron production wlll be suff ic ient  for: 

men 

Mg, si + Ga, Kr 

Fe + Rare earths, Hg, Pb. 

Calculations of the  heavy-elePPcnt abundance6 for di f fe ren t  t h e  scales and 

supplies of neutrone have been made by Seeger, Fowler, and Clayton (1965).' X t  

may be noted t h a t  the  celcuLetiaoEl nmde by wing a mea l a w  containing deforrps- 

t l on  terms lead to  a hump between A - 145 and 180. 

Far each o f t h e  elements Be, La, Ce, Pr, Nd, Sm, Gu, Cd, and Dy, we have 

taken the mean of t he  over-abundance6 listed i n  Table 1 for the  stars 2 CVn, 
HD l.33029, B CrB, and y Equ, w h i c h  have nearly collnplete lists of valuee for 

these e lewnte .  

abundances of A l l e r  (1961) t o  give t h e  mean absolute abundmce on t h e  hydrogen - 
loz abundance scale.  

by the  number of Isotopes fo r  t ha t  par t icular  element that can be made by a 

process of f a s t  neutron addition, according t o  Burbidge, BurbiQe, Fowler, and 

Hoyle (1957). 

are plot ted against the atanlc  weight A i n  Figure 3. 

The over-abundance6 have been multiplied by the  etandard 

We have then divided the mean abundance of each element 

The resulting values of t he  logarithm of the ebunbnce per isotope 

The smoothness of the  p lo t  

fram N d  t o  Dy is etriking. 

I n  addition t o  t h i s  f a s t  buildup, we e q e c t  an appreciable 

to be acquired by eeed nuclei under rather  low conditions. It 

Final stagee, as the temperature r i s e s  above Te = 2, are rapid, 

number of neutroae 

I s  t rue  t h a t  t he  

but Ta(C13) l a  

very temperature-sen~itive.  

Te = 1.5 and a t  t h i s  temperature Ta(C13) 2 10 sec. Plainly, we have a curious 

combination of the s-process and the r-process. 

ere captured under conditions tha t  approximate t o  the  6-proceee. 

A quarter of t he  neutrons are released below 
5 

A considerable number of neutrons 

It is only I n  

t he  l a s t  stagee t h a t  neutrone are made available under the  conditions o f t h e  

r-proceee. The 8-proceee builde the  well known peaks a t  Sr, Ba. 

t o  a rapid flux of aeutrona theee peahe are displaced t o  higher atomic weights. 

Then exposed 

-23- 
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This process meets w i t h  two major ~uccesee6. It explains the general 

dominance of the  rare earthe and It explains the  absence of a Ba overabundance. 

Them are also the  observed overabundances i n  the Sr, Y, Z r  peak t o  be expleined. 

It is possible t h a t  for some samples of  mterial the C13  abundance is too low 

t o  give a8 m ~ n y  ae 1 neutron per 10 nuclcone. With say N 30 neutrons per F'e 

nucleus the  Sr-peak muld be reached, b u t  the  energy released would not be 

3 

su f f i c i en t  t o  br ing on the  r-process. We would remain in the s-process. The 

essen t i a l  diffkrence between Sr ,  Y, Z r  and Ba could well be t h a t  building the  

Sr-peak does not =lease su f f i c i en t  heat t o  br ing on the  r-process, when?- 

building the Ba-peak does. 

The poss ib i l i t y  that the  xelease of neutron6 may not be su f f i c i en t  t o  br ing 

on the  r-process has a fur ther  very i n t e E s t i n g  consequence. 

t o  Si28 follows the sequence, 

Neutron addition 

Si28(n,y) Si*'(n,y) Si30(n,y) SiP(B',lc sec) P3'(n,y) P9(& 21 days) S3(n,y) s33(n,a) Si 30 

Not a l l  material  w i l l  pass through the extEme conditions o f  a flash, there  w i l l  

be some material lagging behind, and i n  t h i s  a Si-P-S cycle can be established. 

We think the excess P concentration found i n  K Cnc, for  example, could be pro- 

duced in  t h i s  way, and ve would predict  an excess conoentration of S I 9  i n  such 

stars. 

In  the opposite d imct ion ,  the C13 could be su f f i c i en t  t o  give far more than 

I .  1 neutron per  10' nucleons. For an equal mixture of helium and ca&on it I s  

possible  t o  contemplate ratios such as %e 4 ;t, " u p 1 3  .b 3:1:0.2, 9 ~ h i c h  case wc? 

2 2 have one C 1 3  t o  - 10 nucleons, yielding 1 neutron per  - 10 

ten  percent would then be burned in t h e  manner considered above, but the burning 

of the remaining C13 would lift the temperature t o  T * 1. 

made avai lable  extremely rapidly but would be mainly c8ptured by l i g h t  nuclei. 

Other processes come in to  operation at T 9 1, which we coneider +ih the next 

eect ion. 

nucleons. The f i r s t  

Neutron6 would be 9 

9 



V. " 3 3 1 3  NUCLEAR CONSIDERATTONS: SILICON 

We now consider the e f f ec t  of the mlease 

pe r  10 nucleons. I n  Section N we s a w  t h a t  a 2 

AND THE IHlN C;Roup ELEMENTS 

f m m  c (u,n)o of one neutron 

Elease of 1 neutron p e r  10 nuc- 

1 3  16 

3 

0 lcons was su f f i c i en t  t o  incn?ase the temperature by - 10 degrees. 

the temperature rises CataS t~~ph iC8 l ly  by CY lo9 degmee. A t  such temperatume 

the  light elements are converted rapidly (< 1 second) by a-par t ic le  addition t o  

Now, however, 

hesvler elements, for example: 

The t o t a l  energy release I n  material with approximately equal concentrations by 
18 -1 ' mass of helium and carbon is - 10 erg gm , Thus since 

10 4 &T aT - + -  -10 
P P 

5 It is easily shown t h a t  when o = 10 p p = 2, , the  temperature is raised to' 
2 

T9 2. Hence a high C13 concentration, yiqlding 1 neutron per - 10 nucleone, 

can bring on a catastrophic s i tua t ion  i n  which the l i g h t  elements are e n t i r e l y  

scoured out and i n  which the temperature is raised 60 high t h a t  photonuclear 

e f f e c t s  becane important. 

unstable t o  photonuciear e f f ec t s .  

For T somewhat above 2 a l l  nuclei  except Si28 become 

It is of in t e re s t  t o  consider what happens Ln 
9 

such a s i tua t ion .  We consider two cases: 

( i )  Them aIp insuff ic ient  a-par t ic les  t o  convert a l l  the l i g h t  elements t o  Si 28 , 
(ii) The He:C ratio I s  such t h a t  (a,y)  actions convert the whole of t he  l i g h t  

elements t o  Si28, 6om helium being lef't over. 

In case ( i )  more a-par t ic les  am siznply made avai lable  by the photo-disinte- 

grat ion of C12, u n t i l  the  whole of the material  is b u i l t  to  Si28. 

t o  Si production alone. 

Case (i) leads 

I n  case (ii) we have t o  consider the fate of the excess 

helium. 

t o  s i l i c o n  nuclei ,  but with nuclei  heavier than Si2' el80 subdect t o  photo- 

dis in tegre t ion  the attachment is not permanent. 

The a-par t ic les  cer ta in ly  do not r e m a i n  fme. They a t tach  themselves 

Clearly, we expect the eystem 



* 

t o  shuffle i tself  in to  a lowest energy state, and t h i s  does not consis t  of 

adding an a-par t ic le  t o  every Si . In6tead it is preferable,  from an energy 28 

point of view, t o  add a number of a-par t ic les  t o  a f rac t ion  of the  s i l i c o n  nuclei ,  
28 

so t h a t  a mixtul .e  of Si and of i r o n  group nuclei  a= produced, What r a t i o  of 

e i l icon  t o  iron group do we expect? 
4 Write r for the  mass-ratio of He t o  CI2, assuming f o r  s i ~ n p l i c i t y  t h a t  

i n i t i a l l y  the  whole of the mterial is helium and carbon. Then by number H e 4 : P  

is  i n i t i a l l y  3r:l. 

further t h a t  the outcome of the (r~,y) reactiona I s  a simple mixture of Si28 and 

N i 5 6 .  m e n  it is easy t o  Bee t h a t  4 si*8 + 11 Ni56:si28 + &j6 = 3r:l, so t h a t  

N156:Si28 = 3r-4:11-3r. 

than unity. 3?or example, f o r  r - 1.5, iron groug:silicon 2 1:lO. 

In order t h a t  we have case ( i i ) ,  r m w t  exceed 4/3. Suppose 

' 

We a= concerned here with values of r not much greeter 
. .  

These considerations are evidently of i n t e re s t  in re la t ion  t o  Ap stars with 

excess S i ,  and with abnonnal dis t r ibut ions of t h e  iron-peak elements. In the 

l a t te r  connection, w e  note t h a t  the presence of the  neutrons a f f ec t s  the details 

of  the abundances i n  the iron-peak. Because t h e  neutrons are more strongly bound 

, by - 1 MeV per i n  the iron-peak than they am i n  S i  28 (n,y) S i  29 (n,y) Si3---- 

neutron, we expect t h e  neutrons t o  , job t h e  iron peak nuclei  and not the s i l i c o n ,  

With 1 neutron t o  10 nucleons, and w i t h  Si:Fe group = lO:l, S a y ,  we have about 

3 neutrons per  i r o n  peak nucleus. 

2 

The parameter R used by Tayler and Cl i f ford  

* (l965), which detemhes the de ta i l6  of t he  abundances of the  iron group nuclei ,  

is  then about 0.94, and the abundance &tULii~ sic s;;5ct2&tisLLv d i f f e w n t  from 

those found in  solar system material, with F'e54 and the most abundant nuclei .  

After a flash i n  which these nuclei  ale produced it is po66ible t h a t  mixing with 

protons could lead t o  Fe 54 ( p , ~ )  C O ~ ~ ( ~ I + )  Fe55(@+) M x I * ~ .  It is plausible  that 

exces6 Mn could be produced in t h i s  way. 

spa l la t ion  of F,56 t o  give 

The old suggestion of a surface 

(Burbldge and Bwbidge 1958) now seems less 



- l i ke ly  t o  us, partly for reasons t h a t  w i l l  be given In the  last section, and 

par t ly  because spa l la t ion  would produce a spreading of the width of the  iron 

peak, a8 well RS a mduction of the mean atomic weight .  

t o  6ee why V should not be great ly  enhanced, since the normal vanadium abundance 

l e  very low compared t o  t h a t  of C r  end Fk. 

It is then d i f f i c u l t  

VI. ASTROPHYSICAL CO~IDERATIONS: DEc;ENERA!rE CORES t 

The necessity f o r  short  time scales  points toward the  importance of de- 

generate COXTS. A t  t h i s  stage we wish only t o  discuss the  propert ies  of such 

COXTS, without prejudice t o  the  pmcise  way t h a t  they m y  enter the problem of 

the Ap stars. 
_ .  

It is known tha t ,  if a degenerate corn grows t o  a cer ta in  m a s s ,  typ ica l ly  

about 0.5 b$,, it becomes almost catastmphical ly  unstable; of the  order of t he  

grav i ta t iona l  energy, N 5 x LO 

quickly by nuclear processes, and the core become6 wholly, o r  pa r t i a l ly ,  non- 

16 erg per gm o r  - lo5' e rg  in t o t a l ,  is E l e a s e d  

degenerate. I n  view of t h i s  nuclear energy mlease it would be surpris ing if 

considerable mhlng  of elements of material  from diffel.ent par t s ,  core and 

envelope par t icu lar ly ,  d i d  not take place i n  some degree. It does not Beem at  

a l l  unreasonable t h a t  i n  some cases mixing might be v io len t  enough f o r  materia 

f r o m  the  inner regions t o  a r r ive  at the extreme surface of the star. 

. Following the exhaustion of hydrogen a t  t h e i r  centers ,  stars of s o l a r  m a 6 8  

develop degenerate ~01~3s. it is erl.60 hmz thnt. much more massive stars do pot 

develop such cores. 

moment of exhaustion of the  cen t r a l  hydrcgen. 

The diffemnce is due t o  the shape of the  X(M) curve a t  t h e  

In Fig. 4 we show the two char- 

a c t e r i a t i c a l l y  d i f fe ren t  forms of t h i e  curve. 

convective coles of maseive e t a m  which persist through a coneiderable inner 

The diffemnce is caused by t he  

region u n t i l  the cent ra l  hydrogen falls almoet exactly t o  zero. Thie cauaea the  



helium core of a massive star t o  grow very rapidly, =leasing so much gravi ta t ions l  . 

energy that the helium i e  f i r ed  before degeneracy can s e t  in. 

S ta r s  of type A e= intermediate between these cases. 

t h a t  degenerate come a r i se  i n  them. 

We s h a l l  postulate  

In pr inciple ,  It is possible t o  decide this 

question by computing a sequence of evolutionary models: G r e a t  care is neceessry, 

however, in tlleating the very last s tages  of exhaustion of the hydrogen. 

not convinced t h a t  su f f i c i en t ly  reliable m s u l t s  a- available at  the pmsent 

We a m  

time t o  decide whether degeneracy arises i n  A stare o r  not. O u r  postulat ion ie 

t h a t  the  Ap stars are the l a rges t  masses for which degenerscy occurs (immediately 

after hydrogen exhaustion, not a t  IDOR advanced phases of evolution).  

A star with a degenerate core of appreciable ms6 (> 0.3 Ma say) surrounded 

by a hydrogen-burning shell must take up a giant  s t ruc ture ,  unless the  con? ie . .  
passing through a t rans ien t  phase, defined by the condition t h a t  t he  rate of 

generation of energy by nuclear processes I s  large ( o r  small) compared t o  the  

luminosity, so t h a t  the  rate of storage of  gravi ta t ional  energy is large In 

magnitude compared t o  the luminosity. So long as the  rate  of energy generation 

is closely equal t o  the luminosity, the  giant  s t ructure  has the  followbg properties: 

b 

9 (a)  The radius of t h e  con? is - 10 cm. Degeneracy ceases when 

-8 T3/2 cm- ’, a re la t ion  which, f o r  T m 5 x 10 7 degmes, gives p w 3 x l O  

4 - 3  p - 1 0  gm cm . 
(b) Nuclear energy comes from hydrogen burning. It does not 6eem 88 i f  

giant  mockis c a  exist  fnr conx~  surrounded by energy-producing s h e l l s  except in 

the cage wheE the nuclear fuel is hydrogen. 

(c )  

non-degenerate i n  the outer  pa r t e  of  the core. 

the hydrogen burning is N 10 gm cm”, 60 t h a t  nearly t e n  scale-heights of cole 

The hydrogen does not begin at the  place whee  the material f i r s t  becomes . 
$ 

The density a t  the  commencement of 

material eurround the  degenerate portion of the con?. Since the male height 
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9 --1O8 cm, t h i s  non-degenerate e x t e r i o r  also has a radial  extent  of - 10 an. 

Although the non-degenerate ex te r io r  has dimensions comparable t o  the degenerate 

portion, it has considerably l e s s  mass, - 4n r H p , where H ie the  sca le  height 

and p1 is the  density, -10 gm defining the cessation of degeneracy. ThU 

I s  N lo3 qpr In  spite of t h i s  comparatively small ma68 the  non- 

degenerate portion of t he  COR plays a c r i t i c a l  role I n  praviding a high opacity. 

Gravitational energy released in the  degenerate pa r t  of t he  co113 makes its way 

through the non-degenerate region of high opacity, cawing  8 temperature  diffellence 

t o  e x i s t  between the  degenerate pert of the core and the  ou te r  hydrogen-burning 

zone. 

always exceeds t h i s .  

, 

2 
c 1  

4 

Mo). 

The temperature of the l e t t e r  is N 4 x lo7 '. , and hence the  core tempemture 

(d) 

part  i n  which T a r 

end an outer  convective zone extending e s sen t i a l ly  t o  the photosphen of  the star. 

Hydrogen burning takes place i n  the  inner part, i n  a s h e l l  of thickness N lo9 cm 

inrmediately su r rohd ing  the core. 

The outer  hydrogen zone can also be divided In to  two p a r t s ,  tin inner . . 
cm, 

-1 3 11 approximately and p a T , which extend6 out t o  r w 10 

(e) The inner pa r t  of the  hydrogen zone contains comparatively l i t t l e  mess, 

Mc i n  a typical giant .  

in the  outer  convective pa r t .  

The r~msining mass of the star, (M - Mc), is stored 

(f) The star evolves by passing hydrogen from the  outer  convection zone 

through the  inner zone -- the  hot bubble Egion -- t o  the core. 'As the  hydrogen 

move6 thmugh the  extreme inner  part of the  bubble, hydrogen burning takes  place 

and it 16 as helium t h a t  material arr ives  at the core. 

- 0  
(e;) The luminosity L I s  determined e s sen t i a l ly  by Eac, with L OE Mc 

There is only a Sl ight  dependence on the remining  ma68, (M - Mc). 

The radius R is a160 mainly determined by Mc. (h) Them is, however, some 

dependence on M - Mc. 

forM = Mo) but not g=atly eo, not more than the  difference say between the 

The giant  sequence for M = 3 % lie8 t o  the  l e f t  of thst 
' 
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. Hyades giants and a typical  M giant.  

It m u s t  be emphasized tha t  all these concluaione are dependent on 

the  carbon-nitrogen cycle being operative in  the hydrogen-burning zone. 

CN-cycle became supplpssed, for example, due t o  a sequence of events in which the  

If the 

elements C, R, 0 were converted t o  heavier nuclei ,  the s t r u c t u ~ ~  would be en t ixe ly  

changed, 

case. 

the star t o  l i e  considerably f'urther t o  the r ight  in the  H-R diagram than the  

mgion occupied by pure helium stars ('hiich is appreciably t o  the l e f t  of the  

usual main-sequence). 

usual main-sequence. 

Indeed the interior would probably behave l i k e  a helium star in such a 

However, the exterior envelope of hydrogen, with ma66 - 2 B+,, would cause 

- 
Probably the  star would take ug a posi t ion not far from the  

It ic important t o  understand how it come13 about t h a t  h the .c86e of krydrogeh 

burning on tpe CN-cycle, degenerate con13 becane unetaBle. 

out of t he  degenerate portion of the  corn. 

Write F for the  flu% 

We have 

in t he  non-degenerate portion of the core. 

have 

Dividing equation (5) by (6), we 

0 Numberically, Kith T i n  units of 10 degEes, gr = 4/3 for h e l i m ,  H = 0.19 for 

electron scat ter ing,  and Mc i n  s o l a r  units, we find 
I 

whem ( lepl.esent13 the  difference of valt\les between the  inner and outer boundaries 



of the non-degenersta portion of the  core. Evidently p is smsll at the outer 

. 

boundary, so t h a t  @I! may be taken a t  the inner boundary, denoted by subscr ipt  

unity. We have 

-41 F 4 = 8.87 x 10 - p1 TI, 
*c T1 - TH 

i n  which T i e  the tempenrture at the  outer boundary, i.e., at  the b e g M l n g  of H 
the hydrogen. Also w 3 x lo4 this being Jus t  the defining condition 

for degeneracy [N.B. pe = 2 fo r  helium]. So 

( 9 )  

Suppose for  the moment t h a t  F is  detennined by nuclear proceesee within 

the  degenerate material. q e n  F is given by 
MC 

Fnuc = J m, 
0 

. .  

C(p,T) being the  energy generation per  unit  mass. 

knom function of M. 

Also, with Mc fixed, Q is a 

And because of  e lectron conductivity the temperature is 

approximately unifom, so long as conditions are steady, i.e., the  time sca le  

long. 

Fnuc 

be solved for T1. 

So T -T1 and Fnuc is evidently a function of Mc and TI. Substituting 

(Mc,T1) in equation (9), it is c l ea r  t h s t .w i th  Mc specifiod L'sLs equation can 

Thee i r 3  only one such solut ion,  because Fnuc incEases  mono- 

ton ica l ly  with T1. 

con? temperature that gives steady conditions, TI = TI* say. 

than xl , i'ntr c o s  zooL?c dc-; cficuld T- be q m a t e r  than T,*) the COIE heats  up. 

In the lat ter case the  r igh t  hand side of equation (9) is grea te r  than the  left 

Hence we see t h a t  for  a core of given m a s 6  there  is Jus t  one 

Should TI be less 

- 4 6  

I ... 

hand side (with F given by equation (10)). Since Fnuc inc-ases far more s teeply  
I with TI than T1 it I s  c l e w  t h a t  t he  imbalance increasee. Evidently t h e  core 

continues t o  heat up, and t h i8  w i l l  go on 80 long 88 degeneracy pemis t e .  

energy production in helium burning the c r i t i c e l  temperstwe fume out t o  be 

For 



7 TI* w 8 x 10 

ten times higher. 

degrees. For carbon burning the  temperature would be approximstely 

I So f a r  we have not included the contribution t o  F of the gravi ta t iona l  

energy of  con? formation. Because helium is constantly being added t o  the  core, 

l.e., because material is  flowing from an outer  convective 

region of small gravi ta t iona l  po ten t ia l  t o  t he  core where the grav i ta t iona l  

po ten t ia l  i s  high, N erg  gm , there m u s t  be a gravi ta t iona l  contributibn to -1 

~* F, as w e l l  a6 a nuclear contribution. 

bution f r o m  the  core is small and can be neglected. 

Suppose I n i t i a l l y  t h a t  the nuclear contr i -  

We have 

L F = €  
grav 6 x x ’ grav 

where L is the luminosity, closely equal t o  the energy from hydrogen burning in.. 
I -1 
I the  s h e l l ,  t is the  grav i ta t iona l  po ten t ia l  at the core surface, N 1017 erg gm , P,mv - 
l 

and 6 x 10” X erg  gm-l is the energy Rleace  i n  hydrogen burning, so t h a t  

L/e x 

Neglecting Fnuc end subs t i tu t ing  F 

-1 X ) i s  the  mass added t o  the  cole per  second, L being In e rg  6ec . 
f o r  F i n  equation ( 9 )  gives 

@=v 

4 = 4.44 x 10- 38 - L T15/2. 
mc - *H 

I 
N 

Since L a Mc 8 ,  it is c l e a r  that  the right hand side increases s teeply with Mc. 

For s u f f i c i e n t l y  large Mc the  solution of equation (12) for  T1 increases t o  TI*, 

at which nuclear processes take control.  The core temperature r i s e s  until non- 
1 ‘  * 

degenex-ui-y occiiis. Fsr X of order nnity the  value of M- giving T ,  = Tx tu rns  

0.8, XMc = 0.5,’ equation (12) 

c; 4. 

* out t o  be 0.5 Mo. If we subs t i tu te  T1 = T1 

gives L M 8 x erg sec -1 2 x 10 3 Lo, which coresponds t o  a bolometric 

I magnitude of - 3.5, about t h a t  at  the  t i p  of the observed giant cequences. 

Having now understood w h y  gravi ta t ional  energy serves a6 a t r i g g e r  t h a t  can 

cawe a nuclear f i e 1  t o  ‘flash’, an in te res t ing  problem of s t a b i l i t y  arises. To 

expand the corn t o  a non-degenerate state, essentially the  whole of the gravita- 



I 
-1 

t ion& energy must be supplied by the nuclear processes, - erg gm for 

0.5 %, o r  about lo5' erg,  requiring the  burning of - lo9 gm of He. Plainly, 
I 

a s l igh t  excess of energy production would be su f f i c i en t  t o  s h a t t e r  the  star. 

The question therefom a r i se s  a6 t o  whether the nuclear reactions remain i n  con- 

trol at the moment of expansion, i.e., a t  the moment t h a t  denoity and texxperatum 

am R l a t e d  by p m 3 x 10 T8 3/2. This l a t t e r  equation should be =ad a6 an 

* 
I equation f o r  T8, the  temperature t h a t  material of specif ied p must rise t o  i n  
~ 

order t o  become non-degenerate. For Me e 0.5 Mo the  cent ra l  density - 10 6 gm em - 3  , . 
I so t h a t  the corxvsponding T8 =lo, and a t  th is  demi ty  and temperatur'e helium 

burning i s  qui te  out, of control. 

non-degenerate mater ia l  i s  given by dividing the colp r ad ius  - lo9 cm by the  speed 

of sound, which f o r  T8 M 10 is r~ 3 :i 10 cm sec'l; the  time s c a l e  i s  thus - 1 

second and t h i s  is close t o  the l i f e t i n e  of t h e  helium. Hence complete i n s t a b i l i t y  

I 

I 

Thus the time-scale f o r  expansion of heated, 

I 8 

is t o  be expected i f  the 'flash' s t a r t s  a t  the center. S t a b i l i t y  would seem t o  I 
I 

require t h a t  t h e  f lash  begins in  the outer part of the  degenerate c o x .  For 

example, if the f l a sh  began with 0 e 10 5 gn the  corresponding value of T8 

would be only cy 2, and a t  t h i s  temperature the l i fe t ime of the helium is much 

grea te r  than the  time-scale for  expansion. This s i tua t ion  is very sens i t ive  t o  

the density of the mater ia l  i n  which the f lash  f i r s t  begins. 

There a~ indeed good reasons why the f lash  begin6 in  the  outer  p a r t  of t he  

The argument i s  not elementary, and we begin by considering the  adiabat ic  con?. 

relation for non-re la t iv i s t ica l ly  degenerate material. 

and since riU + PdV = dQ = 0, 

Accurately, P = 2 Up/3, 

for adiabat ic  changes, Now for non-mla t iv i s t ic  degeneracy P can be expressed 

in the  form 



2 
p 5 A p5 I3  [l + -  5n 12 (log A)-2 + ... 1, 

where A is a constant (5 pe 4 / 3 1  and log 1\. is  given by 

2 1 2 2  
if x << 1. mc x mc 

kT 2kT 

2 
l o g 4  = - ((1 + x 2 y  - 11 - 

Here log A must be >> 1 for  degeneracy t o  apply, and x is defined by 
- 

A t  the highest density in  question,? m 10 6 gm ~/%CL, = 3 x so that 

x 3 w 4. A t  the  lowest density, Q w 10 5 gm and x 3 w 1/20. Cessation of 

degeneracy corRsponds t o  log A w 1. 

Evidently log I\ remains constant f o r  adiabat ic  changes, 60 t h a t  the 

temperatuE var ies  with den6 l t y  according t o  
I . .  

T Qc (1 + x2)' - 1, ' (16) 

with x related' to the density by equation (15). 

T a x  a p2l3,  which is the same as the  adiabatic re la t ion  f o r  a non-degenerate 

In  the case x << 1, 

2 

gas consis t ing of mass points .  In the case x >> 1, T a x a p I/ 3 . Clearly then, 

T incEases  under adiabatic compression only slowly with density. 

Consider the s i tua t ion  a t  the center of t h e  degenerate C O R .  The temperature 

I s  close t o  T1. This could not be the case i f  adiabat ic  compxvssion wew the only 

agency vheRby the cent ra l  temperature could be raised. The central  density be- 

haves a6 about Mc2 so tha t  adiabat ic  compression could not lift the temperaturn, 

a6 M increased, f a s t e r  than Mc 4/3 . Yet TI incmases much faster than th is  as 
C 

4 W1t.h T - << T, In equation (12) we have * 
1 -  n i 

T1 qqrcsches T 

3/* M 4.44 x 10- 38 L 
T1 mc 

N 

it i s  c l ea r  t h a t  T1 a Mc '. The center  can keep s tep  with - 8  and with L a Mc 

the  temperature i n  the outer  part of the degenerate core only through an inward 

f l o w  of heat.  

. 
The gravi ta t ional  energy is very la rge ly  rnleased i n  the outer  

part of the core. Heat f lows inwards as well 88 outwards. To promote the inward 



heat flow it is necessary t h a t  the  cent ra l  temperatuE be lower than t h e  

temperatuE f u r t h e r  out. The amount by which it is lower depends on the e lec t ron  

conductivity. 

leg at the center,  and t h i s  become6 especially pronounced as the  heating proceee 

speeds up towards the  f lash.  

t o  temperat- for T8 ,W 1, it seems possible t h a t  the  flash w i l l  not occur at 

the center,'even though the higher density a t  the center  would cer ta in ly  favor 

the cen t r a l  material i f  the core were accurately isothermal. 

l ag  may well be suf f ic ien t  t o  overcome t h i s  density advantage. 

near the t i p  of the giant branch are  not observed t o  explode catastrophical ly  . 

suggests t h a t  f lash  conditions do not occur f irst  a t  the center.  

, 

Although the conductivity may be high, the= is always a temperatun2 

Because the  nuclear reactions a= very sens i t ive  

The cen t r a l  temperatun? 

The fac t  t h a t  Star6 

. .  

I f  the  f lash occurs at the outside, say in the  outervten percent of the m a s s  

of the COR,  t h i s  ou ter  pa r t  w i l l  s h p l y  peel away, leaving the inner ninety per- 

cent s t i l l  degenerate. 

degeneracy i n  the short  time scale of the a c t m l  flash.  Instead the outer  ten 

Percent o r  so will be impelled outwards and will join the  hydrogen-burning she l l .  

The whole core w i l l  not sass from degeneracy t o  non- 

It is a t  t h i s  stage t h a t  mixing of C12 with protons could  occur, and i n  the proper 
, 
id r a t i o  of about 1 proton per C nucleus. To 13ee t h i s  we note t h a t  the t o t a l  m a s 8  

of hydrogen i n  the s h e l l  is  qui te  small, and the density Q depends on cen t r a l  dis-  

tance about as l/r3, Q 10 (2~10 9 3  /r) gm cmc3, so t h a t  the mass of the s h e l l  

.L ue,,wccTII r SZG r (r > r 1 i~ N IOfo  In (r/rc) gm. Even for r much grea te r  than 

the  radius of the  core, re - 2x10 9 cm, the mass of hydrogen is not much grea te r  
C C 

than  lop gm. 

material against  the gravi ta t ional  f i e l d  of the COR a release of - 1017 e r g  @n'l 

This must be compaRd w i t h  the mass of C1*. To expand the  degenerate 

58 needed, which requires a ten percent conversion of helium t o  carbon. 

if the  m a s s  expanded is ten  percent of  the whole core, vi2  0.05 Mo = lop am, 

Hence 

the  mas8 of C' is N lop gm, Thie C12 mlxed with N lo3 gm of hydrogen c o r ~ 8 p o n d e  



. 8  

t o  - 1 proton per C12 nucleus. 

expansion of the core material, which could be as shor t  as 10 t o  10 

The time scale  f o r  the mFxing is j u s t  t h a t  of the  
2 sec,  i.e., r 

short  compared t o  T,($~). Hence it is possible t h a t  conditions of the  kind dee- 

cribed i n  the previous sect ion as the most appropriate for the  building of C 13 

do iadeed occur at t h i s  stage of the s t a r ' s  evolution. 

During the early stages of the f la sh ,  when T i e  not much above TI*, t h e  

erg gm-I sec-', and the  

1 
2 energy generation ra te  i n  the helium is only 10 - 10 

time scale  for the early stages is lo1* - sec. Ih the late s tages  of the  

flash, on the other  hand, the temperature rises well above T8 = 1, even fo r  ti 

f lash not a t  the center  of the  core. A reasonable value for a flash i n  the ou te r  

part, of the  core would be T8 2 2, and a t  this t e m p e r 8 t U E  the energy generation ' 

rate is --lou erg gm 

of less than a day. The degeneracy c r i t e r ion  e fi2 3 x 10 

the same proportionali ty 0 Q: T3/* as does the adiabatic condition both for de- 

generate material  ( i n  t h e  case x2 << l) and non-degenerate material. 

-1 -1 sec , so t h a t  the f i n a l  stages develop i n  a t i m e  sca le  

3'2 gm cm-3 contaim *8 

Slnce passage 

f r o m  degeneracy t o  non-degeneracy is  likely t o  take place a t  dens i t ies  not much 

higher than 10 5 gin ane3,  when x2 1s indeed C< 1, it follows tha t  passage from 

degeneracy t o  non-degeneracy i e  l i k e l y  t o  be accompanied by rapid convection, 

which can well be associated with the mixing described i n  the p-ceding paragraph. 

We next an? concerned with conditions a f t e r  the f lash.  Does the  region out- 

s ide  the emaining p a d  of th? CGX ~ e t t l e  bn_ck t.n R steady-state condition with 

the luminosity balanced by nuclear energy generation? O r  does the  f lash penetrate 

deeper i n t o  the  degenerate material causing the core eventually t o  become wholly 

non-degenerate? A decision between these a l te rna t ives  m u s t  await de ta i led  com- 

putations.  Our suspicion is t h a t  t h e  sca les  favor the  f irst  poss ib i l i t y .  Thus 

t h e  t h e  scale  required for s e t t i n g  up the  steady-state ex te r io r  condition is 

given by E/L, where E it? the  energy released in the  f lash.  -1 With L Y erg sec , 



b 
and N erg  as the  energy Eleased  in the  f lash ,  we obtain - 1OI2 sec, which 

is probably ra ther  less than the time scale f o r  the development of a f l a sh  in the  

remaining portion of  the C O R .  

Ln the  fonner case the  eo= will simply r e f o m  by adding again the material 

which left it at  the time of the  flash. A second f lash  must then inevi tably 

occur, but with C I 3  as nuclear fuel. The condition6 would indeed be cloee t o  

those c o n s i d e ~ d  i n  Section IV. In the  latter case the  core d iss ipa tes  i t s e l f  

thmugh mpeated flashes.  These have somewhat similar properties t o  the  require- 

ments described i n  Section IV, but the physical conditions are not as close as 

we would l i ke ,  since the  C 1 3  would not =Join the  degenerate material. Because 

the time scales  f o r  the two cases are ra ther  .comparable, it i s  possible t h a t  in' 

some stars one poss ib i l i t y  a r i s e s  and i n  o ther  stars the other  poss ib i l i t y .  If 

the  C 1 3  does not re join the degenerate material, neutrons f r o m  C 1 3  (cy,n) would 

very l i k e l y  be released under s-process conditions only, i n  which case we would 

expect 8n enhancement of Be  ,albng With  . _ I  

suggestion t h a t  the  difference between the  evolution of the  Ap stars and the Ba II 

and S stars may turn on t h i s  question, on whether CI3 n?joina the  degenerate 

(Ceughlan and Fowler 1964) 
the raze e a r t h s i  It i s  an i n t e re s t ing  

material o r  not. 

V I I .  SPN;LA!I'ION AT THE SURFACE 

In the  or ig ina l  investigations of the  compositions of tnese sturtr We iii-g.~& ' 

t h a t  a l l  of the  abundance anomalies were produced by nuclear =actions on the 

surface.  We have i n  t h e  pmvious sections given a schematic account of the  way 

in which the overabundances of the heavier elements can be produced by neutron 

addi t ion i n . t h e  interior. 

nuclear  proceesetl which will account for t he  underabundancee of He,  C, and 0, and.- 

However, we have not been able t o  f ind any in te rna l  

conclude that these m u e t  have come about through surface epallation. The most 



t 

s t r ingent  condi$ions on the extent  of the spa l la t ion  ale derived from the 

observational =cu l t  t h a t  the helium is generally underabundant (Sargent and 

Searle 1$4) and t h a t  i n  the case of 3 Centauri, as w e l l  as the abundance of He  

being low, t h e  r a t i o  of He :He 3 4  is - 4:l. We s h a l l  theEf0l.e dfscuss In  t h i e  

aection the conditione which a m  neceeeary t o  attain t h i s  helium composition. 

Me suppose t h a t  a flu of energetic protons is accelerated and t h a t  t h e  
4 He I s  broken up. Neutrons which are c a p t m d  combine almost e n t i r e l y  with ti 

to give D. A small f rac t ion  of these neutrons would be captur(ed by heavier 

elements pmided  that these heavier elements could survive the Intense a c t i v i t y  

which is  required t o  s p a l l  the He . Such a mechanism of neutron capture w i t h  4 

. -  neutrons a r i s ing  following (p,n) reactions at the l i g h t  abundant elements was 

or ig ina l ly  proposed (Burbidge and Burbidge 1955; Fbwler, Buaidge, and B u r b i d g e  

1955) t o  explain the  overabundances of the Sr, Y .and Zf, and the  rare ear ths .  

A weakness of t h i s  scheme w a s  t h a t  it did not appear possible t o  avoid bui lding 

an overabundance of Be.  In  f ac t  the amount of spa l la t ion  which we now bel ieve 

m u s t  occur t o  give rise t o  the helium anomalies precludes t h i s  mechanism because 

t he  heavy elements will alco be completely spalled.  

We therefore  have a surface rpgion containing the spa l la t ion  products, 

l a rge ly  protons and neutronG, and D. o bui ld  He 3 the simplest reactions BIY 
D(d,p)T(O-)He 5 

3 D(p,y) He3, D(d,n)ge and,( However, the following d i f f i c u l t y  is encounteled when 

we try to e l j t d t r  tlis 'uiqoArt~ze of these ~33ct.ians. Conditions must be non- 

thermodynamic and particle energies corresponding t o  very high e f fec t ive  

temperatunx am requimd (kT N 1 MeV) and at such high temperatwe6 He3 16 a 

very unstable nucleus. 

D(p,y) He3,-etcb; ,,: j ! I , It will be destroyed through He3(d,p) He 

Thus while He 3 can be b u i l t  under such conditions through 
4 and 

He3(n,p) T(p,y) He 4 . The only conditions under which it appears t o  u6 t h a t  He 3 . 
can be b u i l t  en? the  condition6 under which .the normal themonudlear pmcesee, + . 

D(p ,v )  He3,:.1 .@ i*(i;,L > ,';: i ;le '?oocure, i . e . ,  at temperaturee - 10 degrcee. , ,,.- * 6 
, 

.I 



Thus xe =quire t h a t  the I) m u s t  be mixed from the  surface layers t o  deeper 

Egions  for He3 t o  be synthesized. 
4 However, an e n o m u s  breakup of He is then mquimd. The mas6 of material 

6 6 -1 6 cooler than 10 

18 the pxeeeeurce at 10 

leyer and csn t h e r e f o n  be t r ea t ed  88' having everywhem the  6- g). 

deg-es is - hi? P(T = 10 ) g , whexe R is the radius, P(T = 10 ). 
6 degree6 and g I s  the grsv i ty  (the material fonaa 8 thin 

BFncc 

4 . g = a/€?, the  t o t a l  ma68 is then 4nR P/cM. Typical values m i g h t  be M = 3 Mw 
-2 R = 1.5 x 10" cm, P = 3 x 10l1 dyne cm , giving 5 x lo3' gm, of which about 

4 1/3 wa8 i n i t i a l l y  He . 
one gram of He , the  to ta l ' energy  requizvment is  - lo4' erg.  

Remmbering tha t  - 6 x e r g  is required t o  disrupt 
4 If D(p,y) could be - . 

6 operated at temperatures less than 10 

Educed; i f  a temperature of only 5 x 10 degrees wem needed the energy needed 

48 could be reduced t o  N 10 erg ,  The necessaly energy could hardly be much l e se  

than t h i s .  For comparison, the  t o t a l  magnetic energy of a f i e l d  of intensity. 

10 gauss ex is t ing  throughout the star 16 - lou  ergs ,  60 t h a t  the  t o t a l  dis-  

s ipa t ion  of the whole of such a f i e l d  would be needed, i f  the energy of t he  

degEes,  the energy mquircment would be- 

5 

8 

spa l l a t ing  pa r t i c l e s  w e r e  derived d i rec t ly  from the f i e l d .  

Since we have supposed hem that a l l  of the material ha6 been broken down, 

the  only helium which is p ~ s e n t  at t h i s  epoch w i l l  be the  H e  3 and H e 4  which is  

produced by the mixing t o  lower levels.  If the concentration of D is low 

followlng t'ne spi i l lat i~z,  it  st. he mainly destroyed by D(p,y) He 3 , after 

. 6 mixing down t o  t e m p e r a t u ~ s  of - 10 degrees; the helium content will then be 

s; lo'* of the noma1 value and w i l l  be wholly He 3 . 

about 10 3 times t h a t  of D(p,y) He 3 . In t h i s  case the  final He 3 4  :He 

obtain a r a t i o  Jle 3 4  :He w l0:l we =qui= 7 (T) w 100 yeare. 

I f  the  concentration of I) 
and D( d, n)He3 

w a 8  higher  it w i l l  be destmyed by D(d,p)TA, reacblonowhich have a (m) value 

ratio i a  
4 determined by the  r a t i o  of the  lifetimes for  T(p,y) He end T(e') He3. To 

-- 
I, 

-39- 



The presence of l i g h t  elements, though they an? underabundant on the  surface6 

of these stars, suggests at  first s ight  tha t  the material t h a t  we 6ee has not 

undergone complete bmakdown by spal la t ion,  though as we have shown a very high 

degree of spa l la t ion  is Rqulred t o  produce H e 3  and the  general depletion of 

hellum. The pos'eibility should be borne i n  mind, therefore,  that the  under- 

abundant l i g h t  elements t h a t  appear on the surface have come from the deep 

i n t e r i o r  after the surface material has been completely spalled.  

"he problem remains of the source of the high-energy p a r t i c l e s  which give 

rise t o  t h i s  immense amount of surface ac t iv i ty .  The energy which I s  rvquired is 

of the order of t h a t  released i n  a degenerate core. Shock waves propagated from 

the co3e t o  the surface might be able t o  supply t h i s  energy. It i s  also p086ible 

t h a t  such phenomena amplim the magnetic f i e l d  which then t r a n E f e r s  energy t o  t h e  

p a r t i c l e s  i n  an acceleration process. The problem I s  a very d i f f i c u l t  one and 

the  acceleration processee am not very e f f i c i e n t .  

acceleration i n  spots by Fowler, Burbidge, and Burbidge 1955). 

(cf. the  di6C~68lOn of 

However, we 

believe t h a t  such processes are e s sen t i a l  t o  explain the  undertibundances o f  t he  

light elements and especial ly  helium. 

> 

VII. ASTROPHYSICAL DISCUSSION AND CONCLUSIONS 

We have described possible mechanisms by which the  anomalous overabundance8 

can be b u i l t  i n  tbe i n t e r i o r  of s 'star which has had a degenerate COAT GiZ f;sv.e . 
discussed the  very extensive spal la t ion a c t i v i t y  which must have taken place i n  

t he  surface layers t o  give rise t o  the underabundances of H e ,  C and 0. In t h i s  

concluding section we direct our at tent ion successively t o  (I) the sequence of 

events which has given r i s e  t o  these over- and underabundances; (11) the mason6 

why the  stars in question 81-2 found in the v i c i n i t y  of the  m a i n  eequence; (Hi)  the 

mixing processee which have brought the processed material from the  deep interior 



t o  t h e  .surface; ( i v )  the reasons why these stars have such strong surface 

magnetics f ie lds;  (v) the  poss ib i l i t y  t ha t  t he  evolution of 8 binary companion 

has been In large par t  Responsible f o r  the anomalies seen - t h i s  is t o  be taken 

a6 an a l te rna t ive  t o  our  main t hes i s ,  t h a t  these stars an? single s t a r e  which 

have moved back from the  giant  branch. 

which suggest t h a t  other  types of stars may be re la ted  in  an evolutionary sequence 

t o  the  pecul iar  A and B stare. 

(i) 

Final ly ,  we diseuse I n  (vi) observations 

The theory developed i n  t h i s  paper for producing anomaloua abundance6 of Si, 

the  iron peak'elements, Ga, K r ,  Sr, Y, Z r ,  and the  heavy elements mquixx!s t h a t  

the AP stars possessed (o r  perhaps s t i l l  do) degenerate c o x s .  & mil, later 

in t h i s  section, put forward an a l te rna t ive  evolutionary scheme whereby the  Ap 

stars could be members of binary systems i n  which the companion star is highly 

evolved, but f i r s t  we out l ine  the  sequence of events'through which an Ap star, if 

single, should have evolved. 

Since these stars occur i n  ga lac t ic  c l u s t e r s  with ages in  the  range 8 x 10 7 to 

0 6 x 10 years, they s t a r t e d  with masses of 2 - 3 Mo. Since they now l i e  i n  the  

v i c i n i t y  of t he  main sequence, and since their spectra show them t o  have noma1 

surface g rav i t i e s  for t h e i r  luminosities, they should not have l o s t  a g l ea t  dea l  

Of m a s .  For them t o  have possessed degenerate c o w 6  mean6 tha t  they m u s t  have 

passed through a stage of being giants, and then have moved back rapidly t o  the 

v i c i n i t y  of the  m a i n  sequence. 

the  g ian t  phase, no t  In the  Ap phase. During the  f lashing and the mtu rn  t o  the 

main cequence, a mngnetic f i e l d  would have t o  be brought t o  the surface,  and t he  

spa l l a t ion  reaction8 described Ln Section VII should take place. 

readJustment having occurred, the  stars s e t t l e  down, with i n t e r i o r  material having 

The flashes t h a t  we have been describing occur in  

A s t a b i l i z i n g  

been brought t o  the surface, t o  a l i fe t ime of a fu r the r  l o f  years, according t o  

the known frequency of Ap s t a re ,  which is  10s of noma1 A stars. 



( i i )  The question then arises 86 t o  what was the mechanism which drove the 

stars back toward the main sequence. A flash based on the  energy =leased by 

‘C13(a,n) 0l6 is  far more unstable than a f lash in  pun? helium because of t he  much 

g ~ a t e r  ra;e of t h i s  rvaction. ck expect a contplete burning of C 1 3 .  To produce 

non-degeneracy, a tempemture of T8 

part of the COR, and at t h i s  temperature the C13 burn6 in a t i m e  scale  t ha t  is  

lese than the  expan6lon t b  of the material. 

2 is required even for a f laeh In the  outer  

If the  C 1 3  content is euff lc len t ly  . 
high, the energy Eleased w i l l  be much gxvater than is mquired by the c r i t e r ion  

f o r  non-degeneracy, p w 3.10 Te3I2. A6 vas shown in Section V, a C 1 3  content of 

1 nucleus per 10 nucleons drives the temperature 8bWe T 10, and the whole of 

the  l i g h t  elements C, N, 0 a m  then  scoumd out. 

4 

2 
8 =  

It is  possible tha t  a subsequent 

suppression of the carbon-nitrogen cycle In hydrogen-burning then produces a majQr 

6 t n ~ t U r ~ l  change i n  which the star is moved back toward the main sequence. This 

should be a promising l i n e  of exploration, but detailed computations are evidently 

needed. 

( i i i )  

core, - lo5’ erg,  is not much l e s s  than the total. binding energy of the star, and 

We have a l~x idy  =marked t h a t  t h e  energy necessary t o  expand a degenerate. 

t h a t  when t h i s  happens some mixing of material throughout the  G t a r  is t o  be 

expected. A star w i t h  a giant structure can readily move in t e r io r  material t o  

its surface since most of the m a s s  of the outer hydrogen emelope is already con- 

vective; hot bubbles would carry the highly evolved material of very pecul iar  

conipocition t o  the surface. Them? 16, however, a question whether under conditions 
-1 Q 

i n  which 1Ol8 erg gm are  leased at temperatures in exce86 of 10’K the  in t e r iu r  

s i tua t ion  might not be suff ic ient ly  violent t o  remove the hydrogen envelope e n t i R l y .  

The poten t ia l  energy in  the envelope is N lo1* erg  @‘I, so t h e ’ t o t a l  gravitational 

po ten t ia l  of an envelope of mass, say,2 Mo is - 3 ~ l O  erg. This would be 

supplied by the high-temperature burning of - 3$1030 gm of core material. 

48 

However, 

we cannot immediately conclude tha t  t h e  violent  burning of t h i s  quantity of material 
9 
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must strip away the  whole envelope of a star, because the material w i l l  not l i e  

at  the extreme edge of the degenerate core but will be tamped by perhaps 10% @n 

of material lying 8 b ~ ~ e  it. 

of material, a t  

”he energy R q u i e d  t o  lift t h i s  latter quantity 

1017 erg epl-1, is - 1049’erg, a somewhat g E a t e r  requirement 

fo r  eJection of the envelope then is s e t  by the poten t ia l  energy of the envelope 

i tself .  

These COnSIde~tlOnS enable us t o  estimate a rough order-of-magnitude limit 

t o  the S i  and anomalous Fe-emup concentration we could expect a t  t he  surface, 

i n  those stars wheR *actions have proceeded beyond the neutron production and 

captun? t o  the scheme described i n  Section V. 

than - lop gm. The violent  burning of 1031 gm a t  10 erg  @n g i v ~ 6  - erg, 

The production of Si must be less ’ 

18 -1 

and t h i s  would Emme the envelope, i n  which case we would be l e f t  wi th  an evolved, 

core, not an Ap star. 

of m a s s  2 Mo gives a S i  concentration up t o  CY 3~10‘~ by mass, o r  an upper l imi t  

of 1 S i  per  10 

The mixing of up t o  - 103’ gm of Si throughout an envelope 

4 4 
nucleons. Since the n o w 1  Si concentration is I S i  per 6x10 

nucleons, w e  deduce a possible incmase of S i  at  t h e  surface by a fac tor  of order 

10. Further, we found in  Section V t h a t  Si:Fe - lO:l, 60 w expect an upper l i m i t  

t o  the augnentation of iron of 1 Fk per N 10 nucleons. This is  comparable w i t h  5 

the noma1 iron abundance, which E q u i m s  t h a t  the iron abundance be not increased 

by a fac tor  of more than 2 o r  3? a result in  interest ing agreement w i t h  obselvation. 

If H e  is found t o  be appreciably underabundant i n  a l l  Ap stars, we must con- . 
elude t h a t  spal la t ion has been 80 sevel.e that essent ia l lynone of the heavy elements 

, or ig ina l ly  pmsent in the surface can be expected t o  have survived. Hence the 

observed heavy elements must be those brought up subsequently from the in te r ior .  

Nothing of the or iginal  abundances should therefonz be lef t .  The g=at  bulk of 

the material produced by spal la t ion w i l l  be hydrogen. 

the  material down t o  8 depth whem T = 10 

In order t ha t  the whole of 

degmes be effected by spal la t ion,  the  6 



_ -  __ 

funount affected per Fit surfece ama m u s t  be 10 ti t o  10 7 gm cm’2, It can be 

questioned whether surface reactions can a f f ec t  60 large a quant i ty  of material, 

in view of the fac t  t ha t  the spa l l a t ing  pa r t i c l e s  cannot penetrate  mom than 

lo2 - 10 3 giu an-2. However, o w  estimate =fern t o  the Ap star. In a preceding 

giant phase the mount of material that  m u s t  be affected per uni t  surface aEa 

is subs tan t ia l ly  less. 

star the surface an?a is contracted by a fac to r  of order 10 , 80 t h a t  10 

Thua in a t r ans i t i on  f r o m  a giant s t r u c t m  t o  ELXI Ap 

to 3 6 

7 3 4 10 

(iv) , 

gm anm2 In the  Ap star would correspond t o  10 t o  10 (pn i n  the giant.  

So f a r ,  we have said l i t t l e  about the  magnetic fields associated with the  

Ap stars. An explanation of the  large surface f i e lds  of these stars could be 

t h a t  the f i e l d s  have  imply been carr ied outward from the  i n t e r i o r  t o  the sur- 
0 

face. 

anomalies and t he  magnetic f i e l d .  Both ar ise  beC6use i n t e r i o r  material m3che6 

I n  t h i s  way we have a ra ther  obvious connection between composition . .  

the  surface.  

The usual fonnula for the time scale of  decey of a magnetic f i e l d  in 

2 2  material of conductivity CY is u L /c , M e =  L I s  the  length sca le .  Now u 15 

t empera tue  dependent, u ry lo7 sec’’, w i t h  T in degrees. A t  t h e  surface 

4 14 T N 10 degwes, and, since L T 1011 cm, decay takes place In 10 6ec. Thus 

a surface f i e l d  decays in  a time scale  much shor te r  then the age of an A s t a r ,  

- 3 x 10 15 sec, even i f  t h e  length scale is set as high as the radius of the star. 
10 The s i t u a t i o n  is di f fe ren t  in  the i n t e r io r .  For T = lo7 degmes, L 10 cm, 

16 the decay time is  increased t o  3 x 10 sec. Hence an or ig ina l  i n t e r i o r  f i e l d  

is pmserved, whereas an or ig ina l  surface f i e l d  due t o  e l e c t r i c  curl.ents flowing 

at the  surface is not pRsemed.  

face can renew the  surface f i e l d  for a time scale  of order  1013 t o  10 

But a stirring of i n t e r i o r  material t o  the 6ur- 

14 sec. 

(v) The s tmnges t  argument against  the model we have described in  this paper 

arises from the  fact t h a t  not all Ap s ta re  a m  single, about 1 In 6 is a member 
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of a spectroscopic bir\.ary. In 8 few cases the components BE too  close f o r  

the Ap star t o  have once been a giant  without its surface s p i l l i n g  over the  

c r i t i c a l  Lagrangian s u r f h e .  

I*), is such a special case. 

The star HR 710, with period - 3 days (Babcock 

This argument i s  supported in some degree by the Am stars, which possess 

analogous (although not ident ical)  anomalies t o  the Ap stars (cf .  Section 111). 

According t o  A b t  (1961),. essent ia l ly  a l l  Am stars are members of spectroscopic 

b inar ies ,  a considerable f ract ion with short periods. 

of  Ap stars i n  spectroscopic pa i r s  and the unusually high f rac t ion  o f  Am stare 

The unusually low f rac t ion  - 
- 

in such pairs, cmbined w i t h  the analogy between these two classes ,  suggests 

that t h e i r  b i n a l y  nature may be an important f ac to r  i n  t he  problem before u8. 

we s h a l l  now consider an a l te rna t ive  evolutionary picture  in which a binary 

character  for the  Ap stars is all-important. 

plus 

. d  

F i r s t  we notice  an important point 

xvceived the a t ten t ion  it deserves. We 

luminosity and radius of 8 giant  depend 

very l i t t l e  on the  mass N (M-Mc) of the 

long as Mc does not become close t o  the 

the envelope tends t o  zero the  envelope 

of pr inciple  t h a t  does not seem t o  have 

noted In Section V I  t h a t  both the  

mainly on the m8ss o f t h e  corn, Mc, and 

outer  envelope. This mmains t rue  so 

t o t a l  mass, M, Clearly, as the mass in 

collapses on t o  the core and the  star 

becomes a cooling white dwarf. The latter s i tua t ion  can a r i ee  i n  a binary with 

separation less than the  radius which a giant component would have i f  it wem a 

s ingle  star .  Mctter qil l~  mer t he  c r i t i c a l  Lagrange surface and is  probably 

expelled t o  i n f i n i t y  - it cannot simply  drain in to  the other  component because of 

angular momentum considerations, although 8 f lac t lon  of it Will very l i k e l y  do so. 

The f i n a l  e f f ec t  m u s t  be t o  produce a cooling white dwarf. 

These considerations hme eeventl important e f f e c t s  i n  our pmblem. F i r s t ,  

a8 already described, an expanded degenerate corn ie B potentially powerful object. 
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f;lashes similar t o  those described in the preceding sections can then 2eadily 

expel material. A very stmng magnetic field probably emerges from the  corn 

surface. The s t r ipp ing  away of the  outer  envelope of a s t a r  p m i d e s  a simple 

and d i r ec t  way of gaining access t o  in t e r io r  material which may have been pm- 

ceseed in t he  manner deecrlbed h Sectlone N and V. 

that material of mamalous camposition a r r ives  at  the  surface of en Ap star from 

It 16 a t t r ac t ive  to euggeet 

' the deep interior of a companion star, and t h a t  It ca r r i e s  a magnetic fleld, 60 

t h s t  t he  magnetic field then links the  two  stars. 

Several Esults follow very simply. The star t h a t  nxe ives  m u s t  evidently 

evolve more slowly than i t 6  companion. It must lie near the  main-sequence, s ince 

evolution to a giant  phase would involve a similar s t r ipp ing  process. 

ceivlng star muet also be qui te  closely limited i n  spec t ra l  type, 

The E- 

,It must not . ' 

be of such early type t h a t  the  evolving companion UES so massive t h a t  no degenerate 

corn developed i n  its in t e r io r .  It must not be of such late type that a deep 

convection zone e x i s t s  in the  sub-photospheric layers, otherwise the material of 

anomalous composition received from the  companion would be mixed throughout a 

subs tan t ia l  envelope, thexvby masking the anomaliea. The fac t  t h a t  anomalies 

are s t ronger  in the  Ap stars than in the  Am stars could be due t o  the later types 

of the latter. 

We a m  a t t r ac t ed  by the s implici ty  of t h i s  second a l t e rna t ive .  However, it 

is necessary in t h i s  second picture  t h a t  all AI, stars possess companions of a 

w h i t e  dwarf character:  probably with masses of N 0.5 M5. 
. 

In  the absence of 

, obsenratlonal confirmation of t h i s  xtquirement we can only =regard t h i s  p o s s i b i l i t y  

as a t en t a t ive  speculation. 

t h e  type  of abundance enomaly with l w d n o s i t y h  etsm, Si stars, Eu-Cr-Sr stars, 

and Am stars in order of decmasing luminoeity) I s  a d i f f i cu l ty ,  perhap6 8 fatal 

one, in this second picttlre. 

Also we might add t h a t  the 'apparent cor re la t ion  of 



,(v-i) In Section I1 we mentioned the A Boo stars, which axe population I 

A-type stars having metal deficiencies s imilar  t o  those i n  old population I1 

stars (Burbidge and Burbidge 1956). In Section V I  we discussed spa l la t ion  

reactions as a means of causing large-scale break-up of all elements heavier 

than H, Including He , i n  the outer  parts of  a star on i t s  way t o  becoming an 4 

Ap star. Suppose t h a t  in a pa r t i cu la r  case no I n t e r i o r  material managed to 
a E a c h  the  surface. Then w e  should have a star showing a normal hydrogen abundance, 

weak helium, and underabundant metals, i .e . ,  a s tar  showing the  cha rac t e r i s t i c s  

of X Boo. 

discussed by Sargent (1965); according t o  him, they form 1$ of the normal A-type 

stars, i n  comparison with the Ap stars whir-h form lo$. 

The poss ib i l i t y  t h a t  t h i s  is, i n  fac t ,  what the A Boo stars are is 

A s t r ik ing  difference between the AT, stars and the  A Boo stars is that the  . 

former have sharp-lined and the l a t t e r  have broad-lined spectra.  We have not 

d i s c u s e d  the question of rotation i n  considering the evolution of Ap stars. 

Several workers (e.g., Babcock 1960) contend t h a t  the Ap stars are rapid ro ta tors  

seen pole-on; others,  however, believe t h a t  they a= i n t r i n s i c a l l y  slow ro ta tors  

(e.&., Cameron 1g4; St;r&ngnm 1963; from the w b y  photometry). We should 

en te r t a in  the poss ib i l i t y ,  according t o  the s ing le-s ta r  hypothesis. and not the 

binary hypothesis, t h a t ,  i n  view of the difference between the Ap and the  X Boo 

stars, the apparance o r  otherwise o f  i n t e r io r  material  and a magnetic f i e l d  on 

the  surface could depend upon the s t e l l a r  m t a t i o n .  
8 

According t o  the sequence of  events outl ined i n  (ii) m d  i n  Section V I ,  

. there  is  a Etage, a f t e r  the onset of the f lashes ,  when widespread spa l la t ion  has 

t o  occur, i n i t i a t e d  e i t h e r  by electromagnetic procemes ( f l a r e - l ike  ac t iv i ty )  o r  

by shock waves which steepen i n  the law-density surface 

l ayers .  According t o  (iii), it would be most log ica l  If this  occurred while the 

star s t i l l  had a giant  s t ructure .  Presumably t h i s  phase would be short-lived, 
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but. we m a y  s t i l l  ask whether we could observe any stars where t h i s  may be 

occurring. The requirements am: 

. a) The s t a r s  should be red giants .  

b) There should be'a variable  blue continuum superposed on the  E d  giant  epectrum, 

with emiesion l ines  which could be of high exci ta t ion.  

c )  The stars, being in an unstable s t a t e  of mpid evolutionary change, would be 

i expected t o  vary i n  l i gh t .  

d )  

S ta rs  which appear t o  f u l f i l l  these conditions are the so-called "symbiotic stars" 

Them might be a magnetic f i e l d  i n  evidence. . 
(e.g., Merr i l l  l932a)such as BF Cyg, CI Cyg, AX Mon, R Aqr, and others.  

( the "iron s t a r "  of Merr i l l  1932b, 1946) might f a l l  i n to  t h i s  category also. 

note fur ther  t ha t  one of t;hese s t a r s ,  AG Peg, hac a magnetic f i e l d  measured in  

the emission lines (Babcock and Cowling 1953). 

XX Oph 

hk? 

In t h i s  paper we have attempted t o  account f o r  the chemical com2ositions 

of the  pecul ia r  A starr. Our approach is qui te  d i f f e ren t  from previous di6CWSiOn6 

in  t h a t  we have concluded t h a t  the nuclear  physirs demands t h a t  the s t a r c  a re  

long past t h e i r  main-sequence evolution ml? have passed through a phase at which 

a degenerate core w a s  developed, and a modified r-process has occurred. We also 

conclude e i t h e r  tha t  a powerfhl mixing process has been at work s o  t h a t  the pro- 

ducts of the  i n t e r i o r  nucleosynthesis have been brought t o  the surface,  o r  t h a t  

the stars must be members of binary systems and t h a t  such processes occurmd i n  

the  companions and material  w a s  moved t o  the surfaces of the pecul iar  A stars. 

. To ax.ount f o r  the underabundances of the l i g h t  elements and par t icu lar ly  helium, 

a vast  amount of spa l la t ion  of surface material  and mixing t o  comparatively 

shallow layers  m u s t  have taken place. The sequence of events ha6 been such t h a t  

the surface processes occurmd before the deep i n t e r i o r  products wen? bmught t o  

the  surface.  
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. A l l  of the abundance anomalies which a= described in Section I1 are not 
b 

seen i n  a l l  of the stars i n  the pecul iar  star sequence shown i n  Fig. 1. While 

i n  many cases the atmospheric conditions may be such that anomalies cannot be 

detected it is almost cer ta in ly  t rue  tha t  not a l l  anomalies an? present through- 

out the sequence. Thus then? may be a continuous range in the kind8 of interior 

and surface nuclear ac t iv i ty  t h a t  occur. 

L Our m o d e l  i s  only schematic because of the l imi ta t ion  of  our knowledge of 

the  detai led evolutionary tracks of stars i n  t h i s  pa r t  of the HR diagram, and 

the  lack of understanding of the physical processes of mixing. 

conclusion t h a t  these abundances can only have been produced i n  a star which is 

highly evolved,means t h a t  a new approach should be made t o  the problems of the 

strong magnetic f i e lds ,  t h e i r  var ia t ions,  often periodic,  and the small l ight 

var ia t ions .  

COrKinentS concerning the poss ib i l i t y  tha t  the strong magnetic f ie ld6 are  i n  

evidence because they hove been exposed or brought t o  the surface, we have 

nothing f i r t h e r  t o  adu i n  t h i s  direction. 

However, our 

A t  present we do not understand these phenomena, and apart  from our 

The suggestion t h a t  anr-process can take place i n  a s i t ua t ion  i n  which the 

. star is not shat tered is new, a l n c e  we have su3posed pl.eviously, ( c f .  Burbidge, . 

Burbidge, Fowler, and Hoyle 1957) and s t i l l  do believe t h a t  the bulk of the  

r-process isotopes in  the cosmos &IT made i n  supernova or mk3ive s t a r  outbur8te. 

It is  obvious t h a t  a vas t  amount of work remains t o  be done i n  t h i s  f i e l d  

on both the  theore t ica l  and observational Bides. We hope t h a t  t h i s  paper w i l l  

provoke such studies .  * I)r. Roger Tayler and Dr. John Faulkner 
We w i s h  t o  thank Dr. Wallace Sargent fo r  m w  in te res t ing  discuseions and A 

helpfu l  commentx~. Much of t h i s  work was car r ied  out in Cambridge i n  the s-r 

of 1964. We wish t o  acknowledge hoepi ta l i ty  afforded UE by Professor R. 0. 

Redman a t  the  Cambridge ObeeNatories and by Sir John Cockcroft; at  Churchill 

* 

College. 

- 49 - 



A b t ,  H a  Am 1961, Ape 5. Supple, 6,  37. 

Abt, €I. A. snd Golson, 3. C. 1962, Ap. J., 136, 35. 
Aller, L, H, 1961, The Abundances of the Elements (New York: 
Bebcock, E. W. 1947, Pub. A.S.P., 59, 117. 

fnterscience). 

1958, Ap. J., l28, 228. 

1960, S t a r s  and S t e l l a r  Systems, Vol. 6, SteUar Atmospheree 
(ea. J. L. Greenstein, University of Chicago Press) p. 282, 
1963, Ape J., 137, 690. 

’ hbcock, H a  W e  and COW-, T. G. 1953, M.N., U.3, 357. 

Baschek, B. and Oke, J. B. 1965, Ap. J., In  press. 
Bidelman, W. P. 1960a, Pub. A.S.P., 72, 471. 

1960b, Pub. A.S.P., 72, 24. 
1961, A. J., 66, 450. 

1962a, Ap. J., 135, 968. 

1962b, A. J., 67, 640. 

wlrbidge, E. M. and Wcrbidge, G. R. 1955, Ap. J. Suppl., 1, 431. 
1956, Ap. J., 124, 116. 

Burbidge, a. €3. and Burbidge, E. M. 1958, Ap. J., 127, 557. 
Burbidge, E. M., mbidge,  G, R., and Fowler, W. A. 1958, I.A.U. Synrposium 

No. 6 on Electromagnetic Phenomna In Cosmlcal Pnyslcs 

(Cambridge University ~ r e e s )  p. 222. 
Wrrbidee, E. M., BurbiQe, G. R., Fowler, W. A., and H a y l e ,  F, 1957, Rev. Mod. 

Cameron, R. C. 1964, Proc. I.A.U. Symposium No. 24, i n  press. 

Caughlan, G. R. 1965, Ap. J., OOO, OOO. 

Caughlan, 0. R. and Fowler, W. A. 1962, Ap. J., 136, 453. 

PhyS., 29, 547. 

I 

(Editor: please fill In  volume and page). 

1964, Age J., 139, U80. 

Cawking,  T. G. 1952, M.N., U, 527. 

?kitsch, A. J. 1958, Handbuch der Physik, 51, 689. 

w e n ,  0. J. 1959, Obeervatary, 79, 197. 

Fowler, W. A. and H o y l e ,  F. 1964, Ap. J. Suppl., 91, 201. 

Fowler, W. A., Wcrbidge, G. R., and U b l d g e ,  E. Ea, 1955, &. J. Suppl., 2, 167. 

Jaschek, M. and Jaschek, C. 1958, 2s. f. Ap., 45, 35. 

D 

1962, Gyngeosium an Gteller Evolution (Ia Plata, 

Argentine), p. ~ 7 .  

- 50 .. 



-semen, E. 1962, Nature, 194, 668. 
Johncon, H. L. and Morgan, W. W. 1953, Ap. J., 117, 3 3 .  
Meadows,, A. J. 1962, M.N.., 123, 437. 
Merrill, P. W. l932a, Pub. A.S.P., 44, 123. 

1932bj AP* J*,  75, 133.  
1946, Pub. A.S.P., 58, 302. 

Przybylski, A. 1963, Acta  Astronomica, 13, 217.. 
Sandage, A. R. 1957, AD. J., 125, 435. 

1 

Sargcht, W. L. W. 1964, Ann. Rev. Astronomy and htrophy6iC6, 2, 297. 
1965, Ap. J., ( t o  follow the present paper) 

4 Sargent, W. L. W. and Searle, L. 1962, Ap. J., 136, 408. 
Sargent, W. L. W., Searle, L.,  and Jugaku, J. 1962, Pub. A.S.P.,  74, 408. 
Searle, L. and Sargent, W. L. U. 1964, Ap. J., 139, 793. 
Seeger, P., Clayton, D. D., and Fbwler, W. A. 1965, Ap. J. SupPl., in PESS. .  

Str&ngren, B. 1963, Q.J.R.A.S., 4, 8. 
Wallemtein, G. and Merchant, A. E. 1965, Pub. A.S.P., In PIXS8 

Weaver, K. F. 1952, Pg. J., 116, 612. 



-~ 

He 
Be +1.2 
C 
N 
0 -1.0 
%e 
Ns 

*Al 0 .o 
si +1 .o 
P 
S 
A 
Ca -1 e7 
sc  -0.2 
Ti 4 . 4  
V 4.1 
Cr +0.7 - 
Mn +1.2 
Fe 4 0 5  

co 
Ni 4 . 5  
Ga 
Kr. , 
Sr +1.1 
Y +1.3 
Z r  t1.5 
Xe 
Ba a .O 
La +3.0 
Ce +2.6 
Pr +3.0 
h’d +2.4 
Sm +2.6 
Eu +3.3  

’ G d  +2.9 w +2.9. 

43 -0.4 

-0.8 
<+0.4 

0 .o 
4 . 7  
-0.8 
0 .o 

-1.2 
+2 .o 

M.4 

~ 1 . 8  

4.2 

4 . 3  61.7 

0 .o 
+1.2 -0.G: 

G0.2 

+2 .o 
6 1  .o 
to.l 
-0.4: 

-0.6 
<+0.2 
c 4 . 7  
c1.0 
+1.6 
4 . 6  

+o. 3 

-0.3 -0.8 4.1 
4 . 3  
+1.4 

4.1 

4.1 

+2.7 

4 . 7  +0.1 
+2 .o 

4 . 4  -1.3 4.1 
4 . 4  
4 . 9  
+O. 4 
+1.5 
(+1.6) 
4 . 8  
(+LO) 
+o. 3 

4 . 7  
4 . 7  
+0.2 
4 . 8  
+1.3 
+1.8 
4 . 6  
+1.7 
+1.6 

-2 .o -1.5 

+0.6 ‘ -0.2 4 . 4  
4 . 5  
+1 .o 
+1.2 
+o .6 

4 . 3  

4 . 3  
+1.0 
4.0 

-0.9 M.1 

-0.3 -0.2 
+1.8 +l .5  

+0.4 -0.2 
+3.8 
+3.1 
<+1.7 

+2.4 

+1.6 +2.6 
+0.6 
+O .a 

+1.2 +1.8 +o.g +1.5 

+1.6 +2 .o 
1 

+1.2 
+2.3 
t2.0 
- +2.4 
+2.3 
+1.7 
+2.6 
+2.2 
+2.5 

-0.2 +0.7 
+2.8 
+2.9 
+2.7 
+2.2 
+2.3 
+3.2 
+2.9 
+3.6 

+2.3 
+2.4 
+2.8 
t.2.1 
+2.4 
+2.9 
+2.5 
+2.7 

+1.3 

+3* 3 
+2.8 

+2.1 

Hg 
’ Pb (+3 .2)  



- 

I j 
I '  . FIGURE CAPTIONS 

Fig. 1; Schematic color-magnitude diagram, showing t he  Ap and Am stare. 

The lef't-hand curve represents Sandage's zero-age main sequence, 
* 

and the  right-hand curve, the Pleiades sequence. The band t o  the  

r igh t  of these is  centered on Eggen's s t ra ight - l ine  E l a t i o n  for the  

4 and Am stars, but has been extended t o  the  l e f t  of his  termination 

at €3-V = 0. 

t h i s  sequence; there is actually a great s c a t t e r  i n  t h e  observations. 

The co lor  limits of the  d i f fe ren t  types of pecul ia r i ty  marked on 

t h i s  sequence a m  taken from the Jascheks' work, 86 a re  also the  open 

c i r c l e s  representing mean locations of the d i f fe ren t  types of peculiar 

stars. 

hand, t h e i r  S i  group. 

extend t o  the blue Side of the termination of Eggen's sequence, but 

the  sequence may diverge here, the Mn stars extending upwards p a r a l l e l  

t o  the  normal main sequence, and the Si-4200 stars lying on the blue 

side of the  normal m a i n  sequence. 

No significance is t o  be a t t r ibu ted  t o  the  width of 

The left-hand S i  porn is t h e i r  Si-kO0 group, and the right-  

The colors of the Mn and S i  stars obviously 

Fig. 2.- Schematic abundance curve, indicating the  elements t ha t  are anomalous 

i n  the Ap stars. The dashed l ines  represent the noma1 abundancee, 

p lo t ted  against  t he  atomic weight A, and the  f u l l  v e r t i c a l  lines 

I.epl.esent the anomalous abundance8 i n  those types of Ap stars where 

those pa r t i cu la r  elements are in f ac t  anowio-irii (ntt. ~ l f  ~ e t u  t? ell 

stars). The dashed line at Xe repEsents a guessed overabundance f r o m  

the ident i f ica t ion  of t h i s  element in n Cnc. 
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2 t '  . 
Fig. 3. - The m e a n  of the individual values for the stars at Wn, HD 1 3 9 2 9 ,  

1 

B C r B ,  and y Equ, of the logarithm of the abundances of Ea, La, Ce,  

Pr, Nd, Sm, Eu, Cd, and Dy, divided by the number of isotopes pro- 

duced by a procees of rapid neutron addition, plotted a g a h s t  atomic 

weight A. For each element, the number o f  dote i a  the number of euch 

Fig.  4. - Schematic x%?p.~esentation of the shape of the X(M) curve at the 
1 

moment of exhaustion of the cent ra l  hydrogen, fo r  stam of  solar 

ma88 and for stare of large ma65 ( M ~  = ma813 of star). 
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